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b T`Qp2M BM+`2/B#Hv T`Q/m+iBp2X >Qr2p2`- i?2 /2p2HQTK2Mib i?i ?p2 H2/ iQ
/`KiB+ vB2H/ BM+`2b2b Qp2` i?2 ir2MiB2i? +2Mim`v p`v bB;MB}+MiHv #2ir22M i?2b2 F2v
bT2+B2bX JBx2 vB2H/ ?b BM+`2b2/ #v bm#biMiBHHv BM+`2bBM; Bib THMiBM; /2MbBiv- rBi?
KQ`2 THMib #H2 iQ b?`2 i?2 bK2 bT+2 Ĝ BM Qi?2` rQ`/b- KBx2 ?b #2+QK2  #2ii2`
M2B;?#Q`X AM i?2 lMBi2/ aii2b i?2 /2MbBiv Q7 KBx2 THMi TQTmHiBQMb ?b BM+`2b2/ #v
M2`Hv Ryyy THMib T2` ?2+i`2 2p2`v v2` bBM+2 i?2 RNjyb9R, i?iǶb M2`Hv  i`BTHBM; BM
TQTmHiBQM /2MbBiv BM i?2 KQbi ?B;?Hv +mHiBpi2/ `2bX q?2i ?b b22M  bm#biMiBH
`Bb2 BM Bib ?`p2bi BM/2t- i?2 7`+iBQM Q7 i?2 THMiǶb iQiH #BQKbb /2/B+i2/ iQ ;`BMeeX
q?BH2 i?2 /m`iBQM 7Q`  `B+2 +`QT iQ `2+? Kim`Biv ?b #22M b?Q`i2M2/- r?B+? ?b
HHQr2/ KMv `2;BQMb iQ /Qm#H2 M/ bQK2 2p2M i`BTH2@+`QT rBi?BM  bBM;H2 v2`8y-Rj8X P7
MQi2 Bb i?i i?2b2 i?`22 vB2H/ BM+`2bBM; bi`i2;B2b Q++mTv bm+? /Bz2`2Mi bT+2b, KBx2
?b #22M QTiBKBx2/ Qp2` bT+2- `B+2 Qp2` iBK2- M/ r?2i `QmM/ i?2 BM/BpB/mH THMiX
JMv Q7 i?2 QTiBKBxiBQM bi`i2;B2b ?p2 #22M +QK#BM2/ iQ bQK2 /2;`22X 6Q` 2tKTH2-
`B+2 ?b #2;mM iQ `2+2Bp2 KQ`2 ii2MiBQM iQ i?2 bTiBH ``M;2K2Mi Q7 +`QT }2H/b- 
Tm`2Hv KM;2`BH /DmbiK2Mi- r?B+? ?b bm#biMiBHHv BM+`2b2/ vB2H/bjeX
h?2 T`BK+v Q7 i?2b2 i?`22 +`QTb BM ;HQ#H +HQ`B+ +QMbmKTiBQM bm;;2bib i?i i?2v
8
/2b2`p2 T`iB+mH` ii2MiBQM- #mi 2+? +`QT ?b Bib QrM mMB[m2 bi`i2;B2b r?B+? ?p2
HHQr2/ Bi iQ i?`Bp2X h?2 H2p2H Q7 /2iBH `2[mB`2/ BM bb2bbBM; /Ti#BHBiv iQ  MQp2H
2MpB`QMK2Mi `2[mB`2b HBKBiBM; i?2 b+QT2 Q7 i?2 BMp2biB;iBQMX h?Bb rb MQi2/ BM i?2 }`bi
AS** `2TQ`i, ǳ"2+mb2 Q7 i?2 p2`v rB/2 ``v Q7 TQi2MiBH /DmbiK2Mib- r?B+? rBHH p`v
++Q`/BM; iQ ivT2 Q7 +HBKi2 +?M;2- ivT2 Q7 7`KBM;- M/ KMv Qi?2` 7+iQ`b- Bi Bb MQi
T`Q}i#H2 U2p2M B7 bm{+B2Mi BM7Q`KiBQM QM HBF2Hv +?M;2b Q7 +HBKi2 r2`2 pBH#H2V iQ
;2M2`HBb2 i H2M;i? #Qmi i?2KX JQ`2 bT2+B}+ /Bb+mbbBQM Bb M22/2/ i i?2 `2;BQMH +b2
bim/v H2p2HXXXǴRRN
>2`2- r2 rBHH 7Q+mb QM KBx2- #2+mb2 Q7 i?2 rB/2 `M;2 Q7 2MpB`QMK2Mib 7Q` r?B+?
?B;? [mHBiv /i `2 pBH#H2X h?2 /Ti#BHBiv Q7 KBx2 ?b Bib `QQib BM i?2 THMiǶb
2`HB2bi /QK2biB+iBQM- i?Qm;? Bib Q`B;BM Bb biBHH  iQTB+ Q7 bQK2 +QMi2MiBQMNRX h?2
+QMiQm`b Q7 i?2 `;mK2Mi 7m`i?2` ?B;?HB;?i i?2 HQM;biM/BM; `2HiBQMb?BT Q7 /TiiBQM
#2ir22M ?mKMFBM/ M/ +mHiBpi2/ THMibX PM2 Q7 i?2 KQbi HBF2Hv +M/B/i2b 7Q` i?2
T`BKQ;2MBiQ` Q7 iQ/vǶb w2 Jvb Bb i2QbBMi2X h?2 bKHH T`QiQ@+Q#b Q7 i2QbBMi2 #2`
HKQbi MQ `2b2K#HM+2 iQ i?2 KbbBp2 ;`BM #2`BM; +Q`M +Q#b Q7 KQ/2`M K2`B+M }2H/
+Q`M- M/ i?2`2 Bb MQ +H2` 2pQHmiBQM`v Ti?rv i?i H2/b 7`QK QM2 iQ i?2 Qi?2`X aQ
Bi ?b #22M T`QTQb2/ i?i i?Bb i`Mb7Q`KiBQM Bb QM2 i?i rb /`Bp2M HKQbi 2MiB`2Hv #v
?mKM ?M/bNX h?2`2 Bb bQK2i?BM; }iiBM; BM  ?mKM Q`B;BM Q7 KQ/2`M KBx2 #2+mb2
i?2 THMi ?b bBM+2 T`Qp2/ bQ K2M#H2 iQ +QMiBMm2/ /2p2HQTK2MiX
AM i2`Kb Q7 T`Q/m+iBpBiv i?2 /2p2HQTK2Mi Q7 ?v#`B/ p`B2iB2b Q7 KBx2- BM i?2 2`Hv
ir2MiB2i? +2Mim`v- bT`F2/  i`2K2M/Qmb BM+`2b2 BM vB2H/ i?i Bb QM;QBM; iQ i?Bb /vX
h?Bb +HbbB+ 72i Q7 #`22/BM; BMpQHp2b +`QbbBM; /BbiBM+i ;2M2iB+HHv Tm`2 HBM2b iQ T`Q/m+2
bBM;H2 +`Qbb ?v#`B/b Q` #`22/BM; iQ;2i?2` i?Qb2 bBM;H2 +`Qbb ?v#`B/b iQ T`Q/m+2 /Qm#H2
+`Qbb ?v#`B/bX h?2 +`QbbBM; Q7 ;2M2iB+HHv Tm`2 HBM2b mMHQ+F2/ i?2 TQi2MiBH Q7 +QK#BMBM;
QTiBKH i`Bib- bQ +HH2/ ?v#`B/ pB;Q`- M/ r?2M +QmTH2/ rBi? BKT`Qp2K2Mib BM 72`iBH@
e
BxiBQM- M/  rB/2 `M;2 Q7 KM;2K2Mi /DmbiK2Mib- i?2 p2`;2 vB2H/ Q7 KBx2 ?b
BM+`2b2/ #v M2`Hv b2p2M@7QH/ bBM+2 i?2 lMBi2/ aii2b #2;M `2+Q`/F22TBM; 7i2` i?2
*BpBH q`- };X R X >Qr2p2`- i?2 QTiBKBbK i?i i?Bb BM+`2b2 BM T`Q/m+iBQM rQmH/ b22K
iQ bmTTQ`i Kmbi #2 +QmMi2`2/ #v i?2 /`; i?i +HBKi2 +?M;2 Kv 2t2`i QM i?2b2 vB2H/
i`2M/b M/ i?2 BM+`2bBM;Hv bKHH 7`+iBQMH BM+`2b2 BM vB2H/b 7`QK i?2 ;2M2`HHv HBM2`
vB2H/ i`2M/- K2MiBQM2/ #Qp2k8-keX .2bTBi2 i?Bb +QM+2`M- i?2 ?BbiQ`B+H /Ti#BHBiv Q7
KBx2 T`QpB/2b bQK2 ?QT2 i?i i?2`2 rBHH +QMiBMm2 iQ #2 `QQK 7Q` vB2H/ BKT`Qp2K2Mi
2p2M BM i?2 7+2 Q7  +?M;BM; +HBKi2X
h?2 THbiB+Biv Q7 KBx2 Bb 7m`i?2` 2pB/2Mi BM i?2 `M;2 Q7 +QM/iBQMb Qp2` r?B+? Bi
Bb ;`QrMX P`;BMBMHHv /QK2biB+i2/ BM bQmi?2`M J2tB+Q- Bi Bb MQr ;`QrM 7`QK ;`2i2`
i?M 98◦L /QrM iQ j8◦a- i?2 KQbi rB/2bT`2/ +mHiBpiBQM Q7 Mv +`QT BM i?2 rQ`H/X
h?Bb i`MbHiBQM BMiQ MQp2H ?#Biib +QK2b rBi?  ?Qbi Q7 +?HH2M;2b M/ #2M2}ibX 6Q`
2tKTH2- M Q`B;BMHHv i`QTB+H +`QT HBF2 KBx2 ?/ iQ #2 /Ti2/ iQ i?2 HQM;2` /vb
Q7 KB/@HiBim/2 bmKK2`b- #mi 7i2` i?2 THMi rb /Dmbi2/ iQ i?2 MQp2H 2MpB`QMK2Mi
Bi T`Q/m+2/ ;`2i2` vB2H/b BM KB/@HiBim/2b i?M BM Bib MiBp2 2MpB`QMK2Mi9NX :Bp2M
i?2 /2;`22 iQ r?B+? KBx2 ?b i?`Bp2/ QmibB/2 Q7 Bib `2;BQM Q7 Q`B;BMH /QK2biB+iBQM-
i?2`2 Bb  bi`QM; T`2+2/2Mi 7Q` i?2 +`QT iQ ~Qm`Bb? BM MQp2H +QM/BiBQMbX h?2 rB/2bT`2/
+mHiBpiBQM Q7 KBx2 HbQ bm;;2bib i?i i?2`2 `2 2tiMi +mHiBpiBQM i2+?MB[m2b M/fQ`
p`B2iB2b H`2/v #2BM; mb2/ BM r`K2` 2MpB`QMK2Mib i?i rBHH T`QpB/2 BMbB;?i BMiQ ?Qr
+m``2MiHv ?B;?Hv T`Q/m+iBp2 #mi +QQH2` 2MpB`QMK2Mib Kv /Dmbi i?2B` T`Q/m+iBQM iQ
+QMiBMm2 iQ i?`Bp2 BM  r`K2` rQ`H/X
  MQi2 QM mMBibX ;`B+mHim`H T`Q/m+iBpBiv Bb ;2M2`HHv 2tT`2bb2/ b  vB2H/- Kbb T2` mMBi
`2- r?B+? BM i?2 lMBi2/ aii2b .2T`iK2Mi Q7 ;`B+mHim`2fLiBQMH ;`B+mHim`2 aiiBbiB+b
a2`pB+2 Bb T`2b2Mi2/ b #mb?2Hb T2` +`2X h?2 }`bi +?Ti2` rBHH T`2b2Mi `2bmHib BM i?2b2 mMBib-
M/ bm#b2[m2Mi +?Ti2`b- 7Q` 2bB2` BMi2`MiBQMH +QKT`BbQM rBHH #2 +QMp2`i2/ iQ K2i`B+ iQMb
T2` ?2+i`2- mM/2` i?2 bbmKTiBQM i?i  #mb?2H Q7 la KBx2 Bb 2[mBpH2Mi iQ k8X9 FBHQ;`KbX
h?Bb KF2b  bi`B;?i7Q`r`/ +QMp2`bBQM 7`QK #mb?2Hb T2` +`2 iQ K2i`B+ iQMM2b T2` ?2+i`2 #v


































6B;m`2 R, p2`;2 lMBi2/ aii2b JBx2 uB2H/X uB2H/b ?p2 bi2/BHv BM+`2b2/ bBM+2 i?2
rB/2bT`2/ /QTiBQM Q7 ?v#`B/ p`B2iB2b BM i?2 RNjybX .2bTBi2 BbQHi2/ 2p2Mib Q7 b2p2`2 vB2H/ /`QTb-
i?2 i`2M/ ?b #22M iQr`/b +QMbBbi2Mi BM+`2b2- `2bmHiBM; BM  M2` b2TimTHBM; Q7 vB2H/b Qp2` i?2
+Qm`b2 Q7 i?Bb `2+Q`/X h?2 H27i tBb `2TQ`ib vB2H/b BM biM/`/ la mMBib Q7 #mb?2Hb T2` +`2 r?BH2 i?2
`B;?i tBb Bb BM BMi2`MiBQMH mMBib Q7 K2i`B+ iQMb T2` ?2+i`2X .i `2 7`QK i?2 la.fLaaRkjX
h?2 lMBi2/ aii2b Bb i?2 H`;2bi T`Q/m+2` Q7 KBx2 BM i?2 rQ`H/X ++QmMiBM;- BM kyRj-
7Q` #Qmi  i?B`/ Q7 i?2 rQ`H/Ƕb iQiH bmTTHvRejX Ai Bb HbQ i?2 KQbi rB/2Hv ;`QrM +`QT BM
i?2 lMBi2/ aii2b- Q++mTvBM; M2`Hv jyW Q7 la 7`KHM/X b  `2bmHi Q7 Bib rB/2bT`2/
+mHiBpiBQM KBx2 Bb ;`QrM BM  rB/2 `M;2 Q7 +HBKi2b rBi?BM i?2 lMBi2/ aii2b- HH Q7
r?B+? Kv #2 bbmK2/ iQ QT2`i2 i M2` i?2B` QTiBKH T`Q/m+iBQM +T+BivX b bm+?-
i?2 la Bb M B/2H `2;BQM iQ BMp2biB;i2 ?Qr i?2 i2KT2`im`2 b2MbBiBpBiv Q7 KBx2 p`B2b
+`Qbb /Bz2`2Mi 2MpB`QMK2MibX h?Bb Bb 7m`i?2` bmTTQ`i2/ #v i?2 rB/2 `M;2 Q7 Tm#HB+HHv
pBH#H2 /i 7`QK i?2 lMBi2/ aii2b .2T`iK2Mi Q7 ;`B+mHim`2 f LiBQMH ;`B+mHim`2
3
aiiBbiB+b a2`pB+2 Ula.fLaaV- r?B+? T`QpB/2b `2HiBp2Hv ?B;? bTiBH `2bQHmiBQM /i
i?`Qm;?Qmi Km+? Q7 i?2 kyth +2Mim`v- rBi? /2iBH2/ KM;2K2Mi /i #2;BMMBM; BM i?2
RN3ybX Ai Bb bm+? /2iBH2/ /i QM #Qi? T`Q/m+iBpBiv M/ KM;2K2Mi i?i 2M#H2 i?2
bim/B2b T`2b2Mi2/ ?2`2- r?B+? T`BK`BHv /2iBH ?Qr KBx2 ?b #22M HQ+HHv /Ti2/ iQ Bib
2MpB`QMK2Mi i?`Qm;? #Qi? +mHiBp` b2H2+iBQM M/ /DmbiK2Mib BM i?2 +`QTTBM; +H2M/`X
h?2 pBH#H2 /i ?p2 bm#biMiBHHv b?T2/ i?2 bi`m+im`2 Q7 i?Bb T`QD2+i- r?B+? Bb
#`B2~v QmiHBM2/ #2HQrX h?2 }`bi +?Ti2` Bb  bim/v Q7 ?Qr KBx2 vB2H/ b2MbBiBpBiv iQ
i2KT2`im`2 p`B2b +`Qbb bT+2X S`BQ` rQ`F ?b ;2M2`HHv iF2M +`QT b2MbBiBpBiv iQ
2MpB`QMK2MiH p`BiBQM iQ #2 bTiBHHv BMp`BMi- #mi i?Bb biM/b i Q//b rBi? i?2 HQ+H
/TiiBQM i?i ?b #22M  ?HHK`F Q7 +mHiBp` /2p2HQTK2MiX h?Bb rQ`F Bb `2T2i2/-
M2`Hv p2`#iBK- 7`QK "miH2` M/ >mv#2`b UkyRjVR3X h?2 T`BK`v /Bz2`2M+2 Bb i?i
bmTTH2K2Mi`v Ki2`BH ?b #22M BM+Q`TQ`i2/ /B`2+iHv BMiQ i?2 #Q/v Q7 i?2 rQ`F- rBi?
`272`2M+2b KQ/B}2/ iQ Ki+? i?Bb T`2b2MiiBQMX h?2 b2+QM/ +?Ti2` //b i2KTQ`H
p`B#BHBiv iQ +`QT b2MbBiBpBiv- #v BM+Q`TQ`iBM; /2iBH2/ T?2MQHQ;B+H /i ++Q`/BM; iQ
/Bz2`2Mi /2p2HQTK2MiH T?b2b Q7 i?2 KBx2 +`QTX h?Bb rQ`F Bb `2T2i2/ 7`QK "miH2`
M/ >mv#2`b UkyR8Vky- i?Qm;? ;BM ?b #22M KQ/B}2/ iQ BM+Q`TQ`i2 i?2 bmTTH2K2MiH
Ki2`BH BMiQ i?2 #Q/v Q7 i?2 i2tiX h?2 T?2MQHQ;B+H /i T`QpB/2  KQ`2 T?vbBQHQ;B+HHv
#b2/ ?vTQi?2bBb 7Q` i?2 bTiBH p`BiBQM BM b2MbBiBpBiv Q#b2`p2/ BM +?Ti2` RX h?2
i?B`/ +?Ti2` +QMiBMm2b i?2 MHvbBb Q7 /2p2HQTK2MiH b2MbBiBpBiv #v 7m`i?2` 2tTHQ`BM;
?Qr Hi2`iBQMb BM THMiBM; iBK2b M/ +mHiBp` ivT2b ?p2 Hi2`2/ i?2 +HBKi2 iQ r?B+?
i?2 +`QT Bb 2tTQb2/- M/ BM/B+i2b i?i- 7Q` i?2 KQbi T`i 7`K2`b ?p2 Hi2`2/ i?2B`
+H2M/`b iQ bB;MB}+MiHv BKT`Qp2 i?2B` vB2H/bX h?2 7Qm`i? M/ }MH +?Ti2` Bb  b2i
Q7 /2iBH2/ +b2 bim/B2b QM i?2 ?Qii2bi M/ HQr2bi vB2H/BM; v2`b BM i?2 `2+2Mi `2+Q`/X
.Bbim`#BM;Hv- i?2 2KTB`B+H KQ/2Hb mb2/ T`Q/m+2 #Bb2/ 2biBKi2b +`Qbb i?2 ?Qii2bi
+QmMiB2b rBi?BM i?2b2 v2`bX >Qr2p2`- i?Bb #Bb Kv #2 2HBKBMi2/ r?2M KQ`2 bTiBHHv
N
M/ i2KTQ`HHv /2iBH2/ /2p2HQTK2Mi /i `2 BM+Q`TQ`i2/ BMiQ i?2 MHvbBbX hF2M
iQ;2i?2` i?2b2 `2bmHib ?B;?HB;?i ?Qr /2iBHb Kii2` r?2M bim/vBM; ?Qr ;`B+mHim`2 ?b
#22M M/ rBHH +QMiBMm2 iQ #2 z2+i2/ #v  +?M;BM; +HBKi2X
JBx2- /2bTBi2 r?i bQK2 Kv bv- Bb MQi  ?QKQ;2M2Qmb +`QT- M/ i?2 2z2+ib Q7
i2KT2`im`2 QM Bib vB2H/ p`v bm#biMiBHHv /2T2M/BM; QM r?2M M/ r?2`2 #Qi? /K;@
BM; M/ #2M2}+BH 2p2Mib Q++m`X h?2 /2iBHb T`2b2Mi2/ ?2`2 BM/B+i2 i?i KQ`2 MmM+2
Bb +HH2/ 7Q` r?2M MHvxBM; ?Qr +`QTb rBHH #2 z2+i2/ #v +HBKi2 +?M;2- M/ T`QpB/2
7m`i?2` BMbB;?i BMiQ bi`i2;B2b i?i Kv `2/m+2 i?2 /K;2b i?i M BM+`2BM;Hv r`K
2MpB`QMK2Mi rBHH BM~B+i QM  biiB+ T`Q/m+iBQM bvbi2KX 6Q`imMi2Hv- i?2 ?BbiQ`B+H 2p@
B/2M+2 MHvx2/ ?2`2 bm;;2bib i?i 7`K2`b ?p2 bi2/BHv /Dmbi2/ i?2B` +mHiBp`b M/
KM;2K2Mi bi`i2;B2b iQ i?2B` HQ+H 2MpB`QMK2Mi- M/ i?2`2 Bb 2p2`v `2bQM iQ #2HB2p2
i?Bb rBHH +QMiBMm2 BMiQ  r`K2` 7mim`2X Jv ?QT2 Bb i?i #v +H2`Hv BHHmbi`iBM; i?2
/TiiBQMb i?i ?p2 H`2/v #22M iF2M iQ QTiBKBx2 KBx2 T`Q/m+iBQM BM i?2 +m``2Mi




/TiiBQM Q7 la JBx2 iQ i2KT2`im`2
p`BiBQMb
RXR #bi`+i
>B;? i2KT2`im`2b `2 bbQ+Bi2/ rBi? `2/m+2/ +`QT vB2H/bR9y-38- M/ T`2/B+iBQMb 7Q`
7mim`2 r`KBM;N3 ?p2 `Bb2/ +QM+2`Mb `2;`/BM; 7mim`2 T`Q/m+iBpBiv M/ 7QQ/ b2+m@
RR
`BivRjN-3k-9j-3-3RX >Qr2p2`- i?2 2ti2Mi iQ r?B+? /TiiBQM +M KBiB;i2 bm+? ?2i@`2Hi2/
HQbb2b `2KBMb mM+H2`Rjy-Re9-NN-98-R9RX >2`2 r2 2KTB`B+HHv /2KQMbi`i2 ?Qr KBx2 Bb HQ@
+HHv /Ti2/ iQ ?Qi i2KT2`im`2b +`Qbb lXaX +QmMiB2bX lbBM; i?Bb bTiBH /TiiBQM b
 bm``Q;i2 7Q` 7mim`2 /TiiBQM- r2 }M/ i?i HQbb2b iQ p2`;2 lXaX KBx2 vB2H/b 7`QK
 irQ /2;`22 *2HbBmb r`KBM; rQmH/ #2 `2/m+2/ 7`QK R9W iQ QMHv eW M/ i?i HQbb BM
M2i T`Q/m+iBQM Bb r?QHHv p2`i2/X h?Bb `2bmHi /Q2b MQi ++QmMi 7Q` TQbbB#H2 +?M;2b BM
i2KT2`im`2 p`B#BHBiv Q` ri2` `2bQm`+2b- MQ` /Q2b Bi ++QmMi 7Q` HH TQbbB#H2 7Q`Kb Q7
/TiiBQMRjj-RRR-jd-R9e-99- #mi Bi /Q2b b?Qr i?i /TiiBQM Bb Q7 }`bi Q`/2` BKTQ`iM+2
7Q` T`2/B+iBM; 7mim`2 +?M;2b BM vB2H/X 6m`i?2` `2b2`+? b?QmH/ #2 mM/2`iF2M `2;`/BM;
i?2 #BHBiv iQ /Ti iQ  +?M;BM; +HBKi2- BM+Hm/BM; MHvbBb Q7 Qi?2` +`QTb M/ `2@
;BQMb- i?2 TTHB+iBQM Q7 KQ`2 bQT?BbiB+i2/ KQ/2Hb Q7 +`QT /2p2HQTK2Mi- M/ }2H/ i`BHb
2KTHQvBM; `iB}+BHHv BM+`2b2/ i2KT2`im`2X
RXk AMi`Q/m+iBQM
:HQ#H KBx2 vB2H/b `2 7Q`2+bi iQ /2+HBM2 BM `2bTQMb2 iQ BM+`2bBM; i2KT2`im`2- T`iB+@
mH`Hv b i?2 mTT2` `M;2 Q7 ;`QrBM; b2bQM i2KT2`im`2b #2+QK2 ?Qii2`3k-3-9j-RjN-RjR-R9y-38X
h?2 b2MbBiBpBiv Q7 +`QT vB2H/b iQ BM+`2b2/ i2KT2`im`2 Bb Q7i2M 2biBKi2/ i?`Qm;? MHv@
bBb Q7 p`B#BHBiv BM MMmH vB2H/ M/ ;`QrBM; b2bQM i2KT2`im`2RjN-RjR-R9y-38- #mi i?2`2
Bb  TQi2MiBHHv BKTQ`iMi /BbiBM+iBQM #2ir22M v2`@iQ@v2` MQKHB2b M/ +?M;2b BM
+HBKi2 BM i?i i?2 Hii2` +M #2 KQ`2 7mHHv /Ti2/ iQX 6Q` BMbiM+2- lXaX +Q`M ?v@
#`B/b ?p2  T`Q/m+i ?H7@HB72 Q7 #Qmi 9 v2`b98- bm;;2biBM; bm{+B2MiHv `TB/ im`MQp2`
iQ /Ti iQ /2+/H +?M;2b BM +HBKi2X hQ 2tTHQ`2 /Ti#BHBiv Q7 KBx2 T`Q/m+iBQM
iQ HQM;@i2`K /Bz2`2M+2b BM +HBKi2- r2 MHvx2 i?2 b2MbBiBpBiv Q7 2tiMi +`QTb ;`QrBM;
BM  `M;2 Q7 /Bz2`2Mi +HBKi2 +QM/BiBQMb M/ mb2 i?Bb bTiBH p`BiBQM iQ /2p2HQT 
Rk
7mM+iBQMH 7Q`K 7Q` 7mim`2 /TiiBQMX
q2 2tTHQ`2 vB2H/b rBi?BM i?2 lXaX #2+mb2 `2HiBp2Hv ?B;? [mHBiv /i M/  ?B;?Hv
/Ti2/ M/ KM;2/ ;`B+mHim`H /2KQ;`T?B+ +M #2 bbmK2/X uB2H/ /i `2 pBH@
#H2 7`QK Qp2` Reyy +QmMiB2b #2ir22M RN3R@kyy3 7`QK i?2 lMBi2/ aii2b .2T`iK2Mi
Q7 ;`B+mHim`2fLiBQMH ;`B+mHim`2 aiiBbiB+b a2`pB+2Rkj BM i?2 1bi2`M lXaX- M/ /BHv
i2KT2`im`2 Bb 2biBKi2/ 7Q` 2+? +QmMiv mbBM;  M2irQ`F Q7 8j9 r2i?2` biiBQMbRyR 7Q`
r?B+? /BHv KBMBKmK M/ KtBKmK bm`7+2 B` i2KT2`im`2 Bb pBH#H2X
h?2 BM~m2M+2 Q7 i2KT2`im`2 mTQM vB2H/ Bb T`K2i2`Bx2/ mbBM; :`QrBM; .2;`22 .vb
U:..bV M/ EBHHBM; .2;`22 .vb UE..bVX :..b `2  +QKKQMHv mb2/ K2bm`2 7Q` i?2
+mKmHiBp2 r`Ki?  +`QT ?b 2tT2`B2M+2/ Qp2` i?2 ;`QrBM; b2bQMR9y-3y-Ree-jd- ?2`2 /2@
}M2/ b i?2 bmK Q7 HH /BHv p2`;2 i2KT2`im`2b Qp2` i?2 ;`QrBM; b2bQM BM 2t+2bb
Q7 3◦*X h?2 i?`2b?QH/ Bb BM ++Q`/ rBi? T`2pBQmb bim/B2bR9y-jd- #mi r2 mb2  MQp2H T@
T`Q+? iQ /2}M2 i?2 ;`QrBM; b2bQM mbBM; p2`;2 THMiBM; M/ ?`p2bi /i2b `2TQ`i2/
7Q` 2+? bii2 QM 2+? v2`Rkj- rBi? i?2 p2`;2 r2B;?i2/ ++Q`/BM; iQ i?2 KQmMi Q7
THMi2/ Q` ?`p2bi2/ +`QTX .BHv i2KT2`im`2 Bb +QKTmi2/ #v iFBM; i?2 p2`;2 Q7 i?2
KtBKmK M/ KBMBKmK i2KT2`im`2 i i?2 M2`2bi pBH#H2 r2i?2` biiBQMX E..b
`2 /2}M2/ bBKBH`Hv iQ :..b- #mi bmKKBM; KtBKmK i2KT2`im`2b BM 2t+2bb Q7 kN◦*-
+QMbBbi2Mi rBi? T`2pBQmb bim/B2bR9y-RjR-38X q?2`2b :..b `2 BM/B+iBp2 Q7 ?B;?2` vB2H/b
U2X;X- #v 2M#HBM;  HQM;2` T2`BQ/ Q7 ;`BM /2p2HQTK2MiV- E..b /2+`2b2 vB2H/ U2X;X- #v
++2H2`iBM; i?2 THMi i?`Qm;? ;`BM /2p2HQTK2Mi Q` /B`2+iHv /K;BM; THMi iBbbm2 Q`
2MxvK2bReN-9NVX LQi2 i?i Hi?Qm;? kN◦* Bb  HQr i?`2b?QH/ 7Q` i?2 BMBiBiBQM Q7 /K@
;2jR- bi`2bb2/ KBx2 THMib ?p2 #22M b?QrM iQ 2tT2`B2M+2 ?B;?2` i2KT2`im`2b i?M
i?2 B` K2bm`2/ #Qp2 i?2 +`QT +MQTv8dX
Rj
RXj JQ/2H .2b+`BTiBQM
hBK2@b2`B2b Q7 :.. M/ E.. MQKHB2b 7Q` 2+? +QmMiv `2 HBM2`Hv +QK#BM2/ HQM;
rBi?  +QMbiMi M/ iBK2@i`2M/ i2`K iQ `2T`2b2Mi vB2H/ 7Q` 2+? +QmMiv-
Y = β0 + β1t+ β2GDD
′ + β3KDD′ + ϵ. URXRV
 T`BK2 BM/B+i2b i?i i?2 bKTH2 K2M Bb `2KQp2/X h?2 β +Q2{+B2Mib `2 }i bQ b iQ
KtBKBx2 i?2 p`BM+2 2tTHBM2/ BM Y - bm#D2+i iQ i?2 +QM/BiBQM i?i :.. +QMi`B#miBQMb
+MMQi #2 M2;iBp2 Uβ2 ≥ 0V M/ E.. +QMi`B#miBQMb +MMQi #2 TQbBiBp2 Uβ3 ≤ 0VX h?2
HBM2` iBK2 i2`K- t- ++QmMib 7Q` i2+?MQHQ;B+H M/ Qi?2` bi2/v +?M;2b Qp2` i?Bb iBK2
T2`BQ/ M/ ϵ Bb i?2 `2bB/mH 2``Q`X lM+2`iBMiv 2biBKi2b `2 Q#iBM2/ 7Q` 2+? Q7 i?2
T`K2i2`b mbBM;  #QQibi`TTBM; K2i?Q/X
6BiiBM; i?2 7Qm` /Dmbi#H2 T`K2i2`b BM 1[X RXR iQ 2+? +QmMiv `2bmHib BM M p2`;2
b[m`2/ +`Qbb@+Q``2HiBQM #2ir22M T`2/B+iBQMb M/ Q#b2`piBQMb Q7 _24yXe8 U};X RXRVX
6Q` +QKT`BbQM- Qi?2` `2+2Mi 2KTB`B+H }ib iQ KBx2 /i Q#iBM2/ M _2 Q7 yX9d rBi?
7Qm` /Dmbi#H2 T`K2i2`b3k M/ yXdd mbBM; #Qmi ky /Dmbi#H2 T`K2i2`bR9yX M
6@i2bi Bb i?2M mb2/ iQ /2i2`KBM2 r?2i?2` i?2 7mHH KQ/2H Q7 1[X RXR T2`7Q`Kb bB;MB}+MiHv
#2ii2` US ≤ 0.05V i?M QM2 +QMiBMBM; QMHv i?2 K2M M/ iBK2 i`2M/X *QmMiB2b rBi?
BMbB;MB}+Mi KQ/2H }ib `2 QKBii2/- `2/m+BM; Qm` TQQH Q7 +QmMiB2b 7`QK Qp2` Reyy iQ 
bm#b2i Q7 RyRj +QmMiB2b b?QrBM;  biiBbiB+HHv bB;MB}+Mi `2HiBQMb?BT rBi? i2KT2`im`2
p`BiBQMb U};X RXR#V- i?Qm;?  bBKBH` `2bmHi Bb Q#iBM2/ r?2M mbBM; i?2 7mHH bKTH2X
a22 i?2 K2i?Q/b b2+iBQM 7Q` 7m`i?2` /2b+`BTiBQM Q7 i?2 KQ/2H M/ i?2 Hbi b2+iBQM 7Q` 
KQ`2 /2iBH2/ +b2 bim/vX
h?2 b2MbBiBpBiv Q7 vB2H/ iQ :.. ?b pHm2b Q7 yXR8 U#mb?2Hbf+`2Vf:.. BM +QQH LQ`i?@
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b)
6B;m`2 RXR, JQ/2H bB;MB}+M+2 M/ b[m`2/ +`Qbb +Q``2HiBQMX UV h?2 b[m`2/ +`Qbb@
+Q``2HiBQM 7Q` HH bB;MB}+Mi +QmMiB2bX A``B;i2/ +QmMiB2b `2 QmiHBM2/ BM #H+FX U#V S@pHm2b 7`QK
M 6@i2bi +QKT`BM; i?2 7mHH KQ/2H iQ  `2/m+2/ KQ/2H BM+Hm/BM; QMHv M BMi2`+2Ti M/ iBK2 i`2M/
7Q` HH Reee +QmMiB2b- rBi? i?2 +QHQ`#` i`mM+i2/ i T4yXy8X PKBii2/ +QmMiB2b rBi? T@pHm2b
;`2i2` i?M yXy8 `2 BM /22T `2/ M/ +QmMiB2b QKBii2/ 7Q` BMbm{+B2Mi /i `2 BM ;`vX h?2 }@
MH TQQH Q7 +QmMiB2b Bb RyRjX aii2b MQi `2TQ`iBM; THMiBM; M/ ?`p2bi iBK2b `2 b?QrM BM r?Bi2X
LQi2 i?i  b+ii2` THQi Q7 T@pHm2b M/ E.. b2MbBiBpBiv ?/ MQ TT`2Mi bi`m+im`2X
r2bi2`M `2;BQMb Q7 i?2 bim/v /QKBM M/ i`2M/b iQ pHm2b M2` x2`Q BM i?2 ?Qii2` aQmi?@
2bi2`M `2;BQMb U6B;X RXkVX uB2H/ b2MbBiBpBiv iQ E..b U6B;X RXk#V Bb M2`Hv Q`i?Q;QMH iQ
i?i Q7 :..b- i`2M/BM; 7`QK KQ`2 M2;iBp2 i?M −0.5 U#mb?2Hbf+`2VfE.. BM LQ`i?@
2bi2`M `2;BQMb iQr`/ H2bb M2;iBp2 i?M −0.2 U#mb?2Hbf+`2VfE.. BM aQmi?r2bi2`M
`2;BQMbX o`BiBQMb BM i?2 b2MbBiBpBiv iQ :..b M/ E..b Bb T2`?Tb mMbm`T`BbBM;- ;Bp2M
i?i KBx2 Q`B;BMi2/ BM i?2 i`QTB+b M/ ?b #22M /Ti2/ iQ ;`Qr BM +QH/2` +HBKi2b9NX
Pm` 7Q+mb rBHH #2 QM E..b `2;BQMH p`BiBQM BM b2MbBiBpBiv M/ i?2 +QMb2[m2M+2b Q7
 r`KBM; +HBKi2X 6B2H/ i`BHb QM +mHiBp`b THMi2/ BM /Bz2`2Mi `2;BQMb Q7 i?2 lXaX ?p2
/2KQMbi`i2/  Tii2`M Q7 ?2i iQH2`M+2Rjy +QMbBbi2Mi rBi? Qm` }M/BM;b Q7 HQr2` b2MbB@
iBpBiv BM ?Qii2` +HBKi2b U6B;X R#VX *mHiBp`b /Ti2/ iQ ?Qi +HBKi2b T`Q/m+2 KQ`2 ?2i@
`2bBbiMi T`Qi2BMb M/ +QMi`QH 7Q` KQBbim`2 /2}+Bib i?`Qm;? ;`2i2` biQKiH b2MbBiBpBiv-
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6B;m`2 RXk, a2MbBiBpBiv Q7 KBx2 vB2H/ iQ i2KT2`im`2 p`BiBQMbX UV uB2H/ b2MbBiBpBiv iQ
:`QrBM; .2;`22 .vbX U#V uB2H/ b2MbBiBpBiv iQ EBHHBM; .2;`22 .vb Ub?/BM;V M/ i?2 +HBKiQHQ;B+H
p2`;2 Q7 EBHHBM; .2;`22 .vb U+QMiQm`bVX *QmMiB2b rBi? i H2bi RyW Q7 i?2B` +`QT `2 B``B;i2/
`2 BM/B+i2/ #v #H+F #Q`/2`bX
QbKQiB+ /DmbiK2Mi- M/ K2K#`M2 bi`m+im`2b i?i +QM72` /`Qm;?i `2bBbiM+2Rjy-Re9-98X
q?BH2 i?2`2 `2 Qi?2` KM;2K2Mi QTiBQMb i?i +QmH/ `2/m+2 b2MbBiBpBiv iQ i2KT2`@
im`2- bm+? b /2p2HQTBM; }2H/b iQ BM+`2b2 ri2` `2i2MiBQM- i?2 KQbi HBF2Hv +M/B/i2
iQ 2tTHBM i?2 Q#b2`p2/ p`BiBQM BM E.. b2MbBiBpBiv Bb +mHiBp` b2H2+iBQM- M/ r2 b22F
iQ +Tim`2 i?Bb 2z2+i BM i?2 7Q`K Q7  bBKTH2 7mM+iBQMX LQi2 i?i Hi?Qm;? MQi?2`
bim/vR9y `2TQ`i2/ H+F Q7 2pB/2M+2 7Q` `2;BQMH p`BiBQMb BM vB2H/ b2MbBiBpBiv iQ ?B;?
i2KT2`im`2b- 7m`i?2` MHvbBb mbBM; i?i bim/vǶb TT`Q+? ;Bp2b `2bmHib +QMbBbi2Mi rBi?
i?2 #Qp2 `2TQ`i2/ }M/BM;bX
RX9 *mb2b Q7 bTiBHHv p`B#H2 b2MbBiBpBiB2b +`Qbb i?2 la
q2 BMi2`T`2i i?2 p`B2/ bTiBH b2MbBiBpBiv iQ E..b /B;MQb2/ +`Qbb lXa +QmMiB2b b
BM/B+iBp2 Q7 /Ti#BHBivX AM/22/- i?2`2 2tBbib  bi`QM; `2HiBQMb?BT #2ir22M i?2 +HBK@
iQHQ;v Q7 E..b M/ i?2 b2MbBiBpBiv Q7 vB2H/ iQ E..b 7Q` #Qi? mMB``B;i2/ U6B;X RXjV M/
Re













































6B;m`2 RXj, h?2 +HBKiQHQ;B+H p2`;2 EBHHBM; .2;`22 .vb UE..bV p2`bmb i?2 b2MbBiBpBiv
Q7 vB2H/ iQ E..b 7Q` BM/BpB/mH lXaX +QmMiB2bX UV  HQ;`Bi?KB+ }i T`QpB/2b  7mM+iBQMH `2@
HiBQMb?BT #2ir22M +HBKiQHQ;v M/ b2MbBiBpBiv U`2/ HBM2- 1[X RXkVX 6Q` `272`2M+2- HBM2` M/ BMp2`b2
}ib `2 HbQ BM+Hm/2/ U;`v HBM2bV M/ rQmH/ BKTHv ;`2i2` M/ H2bb2` #BHBiv iQ /Ti iQ r`KBM;-
`2bT2+iBp2HvX _2/ /b?2b `2T`2b2Mi #QQibi`T N8W +QM}/2M+2 BMi2`pHbX 6Q` pBbmH +H`Biv- /i
TQBMib rBi? N8W +QM}/2M+2 BMi2`pH H2M;i?b ;`2i2` i?M yX8 U#mb?2Hbf+`2VfE.. `2 MQi b?QrM
b i?2v ?p2 HBiiH2 BM~m2M+2 mTQM i?2 r2B;?i2/ }iX U#V h?2 }i iQ B``B;i2/ +QmMiB2b Bb bm#biMiBHHv
r2F2` i?M 7Q` `BM72/ +QmMiB2b UHBM2` U;`vV _2 = 0.12- HQ;`Bi?K U`2/V _2 = 0.21- M/ BM@
p2`b2 U;`vV _2 = 0.25V TQbbB#Hv #2+mb2 Q7 i?2 /Bz2`BM; H2p2Hb Q7 B``B;iBQM #2ir22M +QmMiB2bX 6Q`
+QMbBbi2M+v- r2 mb2 i?2 HQ;`Bi?K Q7 K2M E.. iQ KQ/2H i?2 /TiiBQM Q7 B``B;i2/ +QmMiB2bX
B``B;i2/ +`QTb U6B;X RXj#V i?i +M #2 TT`QtBKi2/ mbBM;  HQ;`Bi?KB+ `2HiBQMb?BT-
β3 = αo + α ln(KDD) + η. URXkV
1[X RXk Bb }i iQ i?2 /i #v KBMBKBxBM; i?2 bmK Q7 η2- r?2`2 i?2 bmK Bb BMp2`b2Hv
r2B;?i2/ ++Q`/BM; iQ i?2 #QQibi`TT2/ p`BM+2 2biBKi2b bbQ+Bi2/ rBi? 2+? b2M@
bBiBpBiv- β3X h?Bb ;Bp2b  #b2 b2MbBiBpBiv Q7 αo = −0.64 U#mb?2Hbf+`2VfE.. UrBi? 
#QQibi`TT2/ N8W +QM}/2M+2 BMi2`pH Q7 @yXeN iQ @yX8NV M/ /TiiBQM 7+iQ` Q7 α = 0.08
U#mb?2Hbf+`2VfUE.. lnUE..VV 7Q` mMB``B;i2/ +`QTb UN8W +XBX- yXyd iQ yXyNVX 6Q` B`@
`B;i2/ +`QTb i?2 #b2 b2MbBiBpBiv Bb Km+? HQr2`- αo = −0.38 UN8W +XBX- @yX9d iQ @yXk3V-
M/ /TiiBQM Bb r2F2`- α = 0.04 UN8W +XBX- yXyk iQ yXyeVX
Rd
1bb2MiBHHv- 1[X RXk bii2b i?i ?Qii2` +QmMiB2b `2 H2bb b2MbBiBp2 iQ vB2H/ HQbb2b 7`QK
?2i #mi i?i /Bz2`2M+2b BM b2MbBiBpBiv bvKTiQi2 iQ x2`Q iQr`/ ?Qii2` +HBKiQHQ;B2bX
h?Bb 7Q`KmHiBQM ?b i?2 /pMi;2 Q7 BM/B+iBM; i?2 ;`2i2bi +?M;2 BM i?2 KQbi /i
`B+? `2;BQMb M/ KBMBKH +?M;2 BM i?2 ?Qii2bi `2;BQMb- i?2`2#v HBKBiBM; BM72`2M+2b #b2/
mTQM 2ti`TQHiBQMX 6m`i?2`KQ`2- r?2M r2 +QMbB/2`  k◦* r`KBM; b+2M`BQ U6B;X RX9V-
QMHv R3 Q7 i?2 3jd mMB``B;i2/ +QmMiB2b BM+Hm/2/ BM i?Bb bim/v 2t+22/ i?2 bKTH2/ `M;2
Q7 i?2 ?BbiQ`B+H +HBKiQHQ;v- M/ 2p2M i?Qm;? i?Qb2 +QmMiB2b 2tT2`B2M+2 KQM;bi i?2
H`;2bi +?M;2b BM E..- i?2B` BM72``2/ /TiBp2 +?M;2 BM b2MbBiBpBiv p2`;2b QMHv
yXyj U"mb?2Hbf+`2VfE.. r?2`2b i?2 /QKBM p2`;2 Bb yXy8 U"mb?2Hbf+`2VfE..X
1t+HmbBQM Q7 i?2b2 R3 +QmMiB2b rQmH/ ?p2 MQ BM~m2M+2 QM vB2H/ biiBbiB+b i i?2 `2TQ`i2/
T`2+BbBQM H2p2HX 1[X RXk `2T`2b2Mib  KQ/2`i2 +b2 `2HiBp2 iQ i?2 ;`2i2` M/ H2bb2`
/Ti#BHBiv `2bT2+iBp2Hv BKTHB2/ #v HBM2` M/ BMp2`b2 `2HiBQMb?BTb M/ T`QpB/2b 
bBKBH` }i iQ i?2 /i, _24yX99- +QKT`2/ iQ _24yXkj 7Q` i?2 HBM2` M/ _24yX9d 7Q`
i?2 BMp2`b2 7Q`KbX q?i /TiiBQM 7mM+iBQM Bb KQbi bmBi#H2 `2KBMb bQK2i?BM; Q7 M
QT2M [m2biBQM- #mi Mv Q7 i?2b2 rQmH/ b2`p2 iQ [mHBiiBp2Hv BHHmbi`i2 Qm` #bB+ TQBMi
i?i THmbB#H2 /2;`22b Q7 /TiiBQM 7mM/K2MiHHv +?M;2 T`2/B+iBQMb Q7 vB2H/ `2bTQMb2
iQ KQ/2`i2 r`KBM;X
RX8 aTiBH /TiiBQM
hQ 2tTHQ`2 i?2 BKTHB+iBQMb Q7 i?2 Q#b2`p2/ bTiBH /TiiBQM iQ E..b 7Q` i?2 b2MbB@
iBpBiv Q7 vB2H/ iQ r`KBM;- r2 `2/2}M2 β3 BM 1[X RXR iQ 7QHHQr i?2 /TiiBQM 7mM+iBQM
;Bp2M #v 1[X RXk-
Y = β0 + β1t+ β2GDD
′ + (αo + α ln(KDD) + η)KDD′ + ϵ. URXjV
R3
AM 1[X RXj- b +HBKiQHQ;B+H E..b BM+`2b2 rBi? ;`2i2` r`KBM;- };X RX9#- Bi Bb bbmK2/
i?i +mHiBp` b2H2+iBQM M/ KM;2K2Mi T`+iB+2b `2 /Dmbi2/ BM F22TBM; rBi? i?2 2tiMi
/TiiBQM Q#b2`p2/ +`Qbb i?2 lXaX uB2H/ Bb bQHp2/ 7Q` 2+? +QmMiv M/ 2+? v2` mbBM;
i?2 β- ϵ- α- M/ η i2`Kb 7`QK 1[bX RXR M/ RXk bm+? i?i- BM i?2 #b2M+2 Q7 Mv +?M;2
BM i2KT2`im`2- i?2 Q`B;BMH vB2H/ /i Bb `2+Qp2`2/X
110 ° W 
100° W 90° W 80
° W 
30 ° N 
40 ° N 
50 ° N 
∆ GDD 2°C Warming
285 290 295 300 305 310 315 320 325 330 335
a)
110 ° W 
100° W 90° W 80
° W 
30 ° N 
40 ° N 
50 ° N 
∆ KDD 2°C Warming
50 100 150 200 250 300
b)
6B;m`2 RX9, AM+`2b2 BM :`QrBM; M/ EBHHBM; .2;`22 .vb 7`QK  k◦* r`KBM;X UV *?M;2b
BM 2+? +QmMiB2b :`QrBM; .2;`22 .vb +Q``2bTQM/ r2HH rBi? i?2 ;`QrBM; b2bQM H2M;i? Q7 2+?
+QmMivX h?2 KDQ`Biv Q7 /vb /m`BM; i?2 ;`QrBM; b2bQM `2 r2HH #Qp2 i?2 KBMBKmK i?`2b?QH/
7Q` :.. ++mKmHiBQM bQ i?i +?M;2b BM :..b `2 2bb2MiBHHv HBM2` rBi? +?M;2b BM K2M i2K@
T2`im`2X U#V *?M;2b BM 2+? +QmMivǶb EBHHBM; .2;`22 .vb +Q``2bTQM/ rBi? i?2 HQ+H K2M i2K@
T2`im`2 BM 2+? `2;BQMX *QH/ +QmMiB2b `2 ;2M2`HHv #2HQr i?2 kN◦* i?`2b?QH/ M/ ++mKmHi2
72r E.. rBi? KQ/2bi r`KBM;- r?BH2 ?Qi +QmMiB2b `2 H`2/v M2` Q` #Qp2 i?2 i?`2b?QH/ M/
++mKmHi2 KQ`2 E..bX h?Bb ?2HTb 2tTHBMb r?v ?Qi +QmMiB2b BM+m` ;`2i2` HQbb2b 7`QK i?2 i?2
r`KBM;- /2bTBi2 ?pBM;  HQr2` b2MbBiBpBivX A``B;i2/ +QmMiB2b `2 QmiHBM2/ BM #H+FX
hQ BHHmbi`i2 i?2 /Bz2`2M+2b #2ir22M MQM@/Ti2/ U1[X RXRV M/ /Ti2/ U1[X RXjV
vB2H/ `2bTQMb2b- Bi Bb mb27mH iQ +QMbB/2`  bT2+B}+ r`KBM; b+2M`BQ- ?2`2 iF2M iQ #2 
mMB7Q`K k◦* r`KBM;- r?B+? Bb Q7i2M +QMbB/2`2/ i?2 ǳb72Ǵ HBKBi Q7 r`KBM;RkNX aT2+B7@
B+HHv- r2 // k◦* iQ HH i2KT2`im`2 `2+Q`/b- `2+H+mHi2 i?2 :.. M/ E.. i2`Kb
7`QK i?2b2 r`K2` `2+Q`/b #mi mbBM; i?2 Q`B;BMH bKTH2 K2Mb iQ ;2i M2r MQKHv
RN
i2`Kb- M/ +H+mHi2  M2r p2`;2 vB2H/ 7Q` 2+? +QmMivX qBi?Qmi /TiiBQM- LQ`i?@
r2bi2`M `2;BQMb #`Q/Hv ;BM 7`QK r`KBM; #2+mb2 i?2 #2M2}ib 7`QK BM+`2b2/ :..b
Qmir2B;? i?2 HQbb2b 7`QK E..b- r?2`2b bQK2 aQmi?2`M `2;BQMb bmbiBM HQbb2b Q7 KQ`2
i?M 8yW #2+mb2 BM+`2b2/ E..b `2/m+2 vB2H/ M/ HQr b2MbBiBpBiv iQ :..b T`QpB/2b
HBiiH2 +QKT2MbiQ`v ;BM U6B;X RX8VX HbQ- r`K `2;BQMb rBHH ;BM E..b KQ`2 `TB/Hv
BM `2bTQMb2 iQ mMB7Q`K r`KBM; #2+mb2 i?2v ?p2 KQ`2 /vb i?i H`2/v 2t+22/ i?2
kN◦ i?`2b?QH/X h?2 K2M vB2H/ /2+`2b2 7Q`  k◦* r`KBM; rBi?Qmi /TiiBQM Bb R9WX
h?Bb `2bmHi Bb ;2M2`HHv +QMbBbi2Mi rBi? 7Q`2;QBM; 2biBKi2b- i?Qm;? +QKT`BbQMb `2
HBKBi2/ #v i?2 7+i i?i /Bz2`2Mi bTiBH p2`;2b `2 +QMbB/2`2/X PM2 bim/v3k 7QmM/ 
RdW /2+HBM2 BM ;HQ#H p2`;2 vB2H/b BM `2bTQMb2 iQ  k◦* r`KBM;X MQi?2` bim/vR9y
7QmM/  R8W /2+HBM2 BM M `2@r2B;?i2/ p2`;2 Q7 2bi2`M lXaX vB2H/bX Pm` +H+mHiBQMb
BM/B+i2 QMHv  8W /2+`2b2 BM `2@r2B;?i2/ vB2H/b- #mi i?2 HQr2` pHm2 Bb 2tT2+i2/
#2+mb2 bQK2 Q7 i?2 ?Qii2bi bii2b BM i?2 bQmi?2bi2`M lXaX `2 2t+Hm/2/ 7`QK Qm` bim/v
QM ++QmMi Q7 /i `2;`/BM; THMiBM; M/ ?`p2bi iBK2b MQi #2BM; pBH#H2X LQi2
i?i HH Q7 i?2b2 bim/B2b `2 2bb2MiBHHv T2`im`#iBQM TT`Q+?2b iQ +H+mHiBM; vB2H/
MQKHB2b- M/ i?i i?2 ++m`+v Q7 i?2b2 2biBKi2b #2+QK2b BM+`2bBM;Hv [m2biBQM#H2
7Q` H`;2` +?M;2b BM i2KT2`im`2X
q?2M /TiiBQM Bb BM+Hm/2/- i?2 p2`;2 vB2H/ `2bTQMb2 iQ  mMB7Q`K k◦* r`KBM; Bb
`2/m+2/ 7`QK  R9W HQbb iQ QM2 Q7 eW U6B;X RX8#-+V UN8W +XBX @8 iQ @dWVX JBMM2bQi MQr
biM/b iQ BM+`2b2 vB2H/b #v RRWc i?2 vB2H/ HQbb2b 7`QK MQ`i?2`M P?BQ r2bi iQ MQ`i?2`M
JBbbQm`B `2 M2`Hv 2HBKBMi2/c M/ LQ`i? *`QHBM- :2Q`;B- M/ 2bi h2tb `2/m+2
HQbb2b 7`QK 9NW rBi?Qmi /TiiBQM iQ jNW rBi?X h?2b2 Hii2` `2;BQMb `2 H`2/v r2HH
#Qp2 i?2 QTiBKH i2KT2`im`2 7Q` +m``2Mi lXaX KBx2 T`Q/m+iBQM- M/ Hi?Qm;? i?2
BM/B+iBQM Bb i?i /TiiBQM +M ?2HT- bBx#H2 HQbb2b `2 MQM2i?2H2bb BM+m``2/X H`2/v-
KMv Q7 i?2 bQmi?2`M bii2b `2 `2HiBp2Hv mMT`Q/m+iBp2 +QKT`2/ iQ i?2 *Q`M "2Hi-
ky
M/ QM2 +QMb2[m2M+2 Q7 BM+`2b2/ i2KT2`im`2 +QmH/ #2 KB;`iBQM Q7 KBx2 T`Q/m+iBQM
iQr`/ +QQH2` HiBim/2bX MQi?2` BKTHB+iBQM Q7 HQr bQmi?2`M T`Q/m+iBpBiv Bb i?i `2@
r2B;?i2/ vB2H/b U2[mBpH2Mi iQ 7`+iBQMH +?M;2b BM iQiH T`Q/m+iBQMV ;Q 7`QK  8W
/2+`2b2 rBi?Qmi /TiiBQM iQ MQ +?M;2 rBi? /TiiBQM #2+mb2 ;BMb BM i?2 ?B;?Hv
T`Q/m+iBp2 *Q`M "2Hi +QKT2Mbi2 7Q` HQbb2b BM i?2 H2bb T`Q/m+iBp2 aQmi?X
RXe .Bb+mbbBQM
h?2 /TiiBQM 7mM+iBQM i?i r2 ?p2 2KTB`B+HHv 2biBKi2/ 7Q`  i?2Q`2iB+H r`KBM;
Bb +QMbBbi2Mi #Qi? rBi? 2tiMi `2;BQMH /TiiBQM M/ }2H/ i`BHb Q7 /Bz2`BM; +mHiB@
p`bRjy- #mi i?Bb MHvbBb QKBib Qi?2` 2ti2MmiBM; 7+iQ`b i?i Kv bivKB2 Q` 7+BHBii2
/TiiBQMX 6Q` 2tKTH2- `2/m+BM; b2MbBiBpBiv iQ ?2i Kv 2MiBH M2;iBp2 T?vbBQHQ;B+H
i`/2@Qzb i?i `2/m+2 vB2H/bR9eX hQ 7m`i?2` 2tTHQ`2 i?2 Bbbm2 Q7 i`/2@Qzb- r2 2ti2M/
1[X RXj iQ BM+Hm/2  `2/m+iBQM BM i?2 TQbBiBp2 2z2+ib Q7 :..b rBi? r`KBM; i?i KB`@
`Q`b i?2 `2/m+iBQM BM i?2 M2;iBp2 2z2+ib Q7 E..bX  H2bi@b[m`2b@HBM2` }i BM/B+i2b
KH/TiiBQM 7Q` :..b i?i p2`;2 M Q`/2` Q7 K;MBim/2 bKHH2` i?M i?2 TQbBiBp2
/TiiBQM 7QmM/ 7Q` E..b U6B;X RXeVX Ai 7QHHQrb i?i BM+HmbBQM Q7 :.. KH/TiiBQM
BM Qm` KQ/2H H2/b iQ `2HiBp2Hv bKHH +?M;2b- M/ r2 MQr Q#iBM M 3W /2+HBM2 BM p2`@
;2 vB2H/ BM `2bTQMb2 iQ  k◦ r`KBM;- b QTTQb2/ iQ  eW /2+HBM2 r?2M +QMbB/2`BM; i?2
#bB+ E..@QMHv /TiiBQM b+2M`BQX AM+HmbBQM Q7 :.. KH/TiiBQM HbQ #`Q/2Mb
i?2 N8W +QM}/2M+2 BMi2`pH iQ e@RRW #2+mb2 Q7 i?2 mM+2`iBMiv BM i?2 :.. /Ti@
iBQM }iX h?Bb `2/m+iBQM BM /Ti#BHBiv M/ BM+`2b2 BM mM+2`iBMiv /Q2b MQi +?M;2 i?2
+QM+HmbBQM i?i /TiiBQM Qz2`b i?2 TQi2MiBH iQ bm#biMiBHHv `2/m+2 /K;2b 7`QK
 r`KBM; +HBKi2- #mi ?B;?HB;?ib ?Qr KQ`2 rQ`F Bb M22/2/ iQ +QMbi`BM i?2 bT2+B}+
K;MBim/2b Q7 HQbb2bX 6m`i?2`KQ`2- i?2`2 `2 HbQ TQi2MiBH #2M2}ib iQ r`KBM; i?i r2
kR
  (a)
 110 ° W 
 100° W   90° W   80
° W 
 30 ° N 
 40 ° N 
 50 ° N 
Fractional Yield Change without Adaptation
−0.4 −0.3 −0.2 −0.1 0 0.1 0.2 0.3 0.4
110 ° W 
100° W 90° W 80
° W 
30 ° N 
40 ° N 
50 ° N 
Fractional Yield Change with Adaptation
0.4 0.3 0.2 0.1 0 0.1 0.2 0.3 0.4
(b)
(b)
110 ° W 
100° W 90° W 80
° W 
30 ° N 
40 ° N 
50 ° N 
Fractional Change with Adaptation minus without Adaptation
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
(c
6B;m`2 RX8, *?M;2b BM vB2H/ 7`QK  k◦* r`KBM;X UV qBi?Qmi /TiiBQM r`KBM; +mb2b
vB2H/ iQ /2+`2b2 #v R9W QM p2`;2- i?Qm;? +QmMiB2b BM i?2 /22T aQmi? HQb2 KQ`2 i?M 8yW Q7
i?2B` vB2H/- r?2`2b i?Qb2 BM i?2 LQ`i?r2bi BM+`2b2 #v b Km+? b jyWX h?2 +QHQ`#` bim`i2b
i ±9yW BM Q`/2` iQ ?B;?HB;?i p`BiBQM +`Qbb i?2 KB//H2 `M;2 Q7 +QmMiB2bX U#V q?2M /TiiBQM
Bb ++QmMi2/ 7Q`- r`KBM; Bb 2biBKi2/ iQ +mb2 QMHv  eW p2`;2 HQbb BM vB2H/X U+V h?2 BM+`2b2
BM vB2H/ #`Qm;?i #Qmi #v /TiiBQM `2HiBp2 iQ i?2 MQ@/TiiBQM b+2M`BQX h?2 +QHQ`#` bim@
`i2b i RyW iQ ?B;?HB;?i p`BiBQM +`Qbb i?2 KDQ`Biv Q7 +QmMiB2bX "H+F #Q`/2`b BM/B+i2 B``B;i2/
+QmMiB2bX
kk
?p2 MQi BM+Hm/2/ BM Qm` KQ/2H- bm+? b ;`2i2` ~2tB#BHBiv BM THMiBM; iBK2bjd-  HQM;2`
;`QrBM; b2bQM- M/ QTTQ`imMBiB2b 7Q` +mHiBpiBM; M2r `2;BQMbRk8X 6BMHHv- MQi2 i?i
KQbi- B7 MQi HH- Q7 i?2b2 7Q`Kb Q7 /TiiBQM +M QMHv #2 BKTH2K2M2i2/ BM  r`K2`
+HBKi2- 2tTHBMBM; r?v 7`K2`b i?i r2 2tT2+i iQ #2M2}i 7`QK /TiiBQM ?p2 MQi v2i
K/2 bm+? +?M;2bX









































 110 ° W 
 100° W   90° W   80
° W 
 30 ° N 
 40 ° N 
 50 ° N 
Yield/Growing Degree Day
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
6B;m`2 RXe, *HBKiQHQ;B+H :..b M/ :.. b2MbBiBpBivX UV h?2`2 Bb  r2F `2HiBQMb?BT #2@
ir22M :.. +HBKiQHQ;v M/ :.. b2MbBiBpBivX b rBi? E..- i?Bb }i rb T2`7Q`K2/ b2T`i2Hv 7Q`
B``B;i2/ +QmMiB2bX *QmMiB2b rBi? 2ti`2K2Hv HQr b2MbBiBpBiv iQ :.. U:.. b2MbBiBpBiv < 0.001V
r2`2 QKBii2/ 7`QK i?Bb }i Ub?QrM BM ;`2vV M/ i?2 `2;`2bbBQM rb r2B;?i2/ #v i?2 BMp2`b2 Q7 i?2
#QQibi`T p`BM+2 2biBKi2 Q7 i?2 :.. b2MbBiBpBiv T`K2i2`X h?2 M2i 2z2+i Q7 `2/m+BM; :..
b2MbBiBpBiv b :.. +HBKiQHQ;v r`Kb Bb  K2M vB2H/ HQbb Q7 3W 7`QK  k◦* r`KBM;- b QTTQb2/
iQ  eW HQbb r?2M +?M;2b BM :.. b2MbBiBpBiv `2 B;MQ`2/X U#V *HBKiQHQ;B+H :..b U+QMiQm`bV
`2 r2FHv M2;iBp2Hv +Q``2Hi2/ rBi? mMB``B;i2/ :.. b2MbBiBpBiv Ub?/BM;- `4@yXjVX h?2 `2;BQMb
rBi? i?2 b?Q`i2bi ;`QrBM; b2bQM i2M/ iQ ?p2 i?2 ?B;?2bi :.. b2MbBiBpBivX AM i?2 LQ`i?- r?2`2
i?2 ;`QrBM; b2bQM Bb TQi2MiBHHv iQQ b?Q`i 7Q` i?2 +`QTb iQ `2+? Kim`Biv- vB2H/b `2bTQM/ r2HH iQ
b2bQMb rBi? #Qp2 p2`;2 :..c r?2`2b BM i?2 aQmi?- r?2`2 :..b `2 #mM/Mi- vB2H/ Bb H`;2Hv
BMb2MbBiBp2 iQ ~m+imiBQMb BM :..X
*?M;2b BM ri2` pBH#BHBiv `2 MQi?2` BKTQ`iMi +QMbB/2`iBQMX *QmMiB2b i?i
B``B;i2 KQ`2 i?M RyW Q7 i?2B` ?`p2bi2/ `2 ?p2 M p2`;2 b2MbBiBpBiv iQ E..b
i?i Bb yXy3 U#mb?2Hbf+`2VfE.. bKHH2` i?M M2B;?#Q`BM; +QmMiB2b rBi?Qmi B``B;iBQM-
 /Bz2`2M+2 i?i Bb ?B;?Hv bB;MB}+Mi US < 0.01- mbBM;  QM2@bB/2/ i@i2bi- b22 6B;X RXk#V
kj
M/ Bb BM [mHBiiBp2 ;`22K2Mi rBi? Qi?2` }M/BM;bRjj-RRRX S`Bx2 rBMMBM; vB2H/b 7`QK i?2
kyRy M/ kyRR LiBQMH *Q`M uB2H/ *QMi2bi HbQ TQBMi iQ i?2 BKTQ`iM+2 Q7 B``B;iBQMX
6Q` mMB``B;i2/ +`QTb- i?2 K2/BM T`Bx2@rBMMBM; vB2H/b BM+`2b2 7`QK kRe #mb?2Hbf+`2
BM i?2 aQmi?- iQ k9d BM i?2 *2Mi2`- M/ kee BM i?2 LQ`i? Q7 i?2 lXaX U`2;BQMH ;`QmTBM;b
7QHHQr i?i Q7  T`2pBQmb bim/vR9yVX 6Q` B``B;i2/ +`QTb- ?Qr2p2`- K2/BM bQmi?2`M
vB2H/b `2 key #mb?2Hbf+`2- +2Mi`H vB2H/b `2 ked- M/ MQ`i?2`M QM2b `2 k9dX h?2
?B;?2bi vB2H/b +QK2 7`QK h2tb rBi? jdy #mb?2Hbf+`2- b?QrBM; i?i bii2b rBi? ?Qi
+HBKiQHQ;B2b `2 +T#H2 Q7 iiBMBM; ?B;? vB2H/bX
q2 2tT2`BK2Mi2/ rBi? BM+Hm/BM;  `2T`2b2MiiBQM Q7 T`2+BTBiiBQM BM i?2 KQ/2H- #mi Bi
M2;HB;B#Hv BM~m2M+2b KQ/2H bFBHH- 2p2M r?2M QMHv MQM@B``B;i2/ +`QTb `2 2tKBM2/X h?2
#b2M+2 Q7 bB;MB}+Mi BKT`Qp2K2Mi Kv `2~2+i i?i p`BiBQMb BM T`2+BTBiiBQM `2 H2bb
BKTQ`iMi 7Q` /2i2`KBMBM; KBx2 vB2H/ i?M i2KT2`im`23d #mi HBF2Hv HbQ `2bmHib 7`QK
 bi`QM; +Qp`BM+2 #2ir22M i2KT2`im`2 M/ T`2+BTBiiBQM i?i KF2b BM+HmbBQM Q7 i?2
Hii2` T`iBHHv `2/mM/MiX S`2+BTBiiBQM Bb M2;iBp2Hv +Q``2Hi2/ rBi? KtBKmK /BHv
i2KT2`im`2b 2p2`vr?2`2 BM Qm` bim/v /QKBM U6B;X RXdV- b Kv #2 2tT2+i2/ 7`QK i?2
2z2+ib Q7 +HQm/b M/ 2pTQ`#H2 bQBH KQBbim`2X h?Bb MiB@+Q``2HiBQM `2+?2b pHm2b Q7
@yX3 BM bQK2 aQmi?2`M `2;BQMbX h?2 +QBM+B/2M+2 Q7 ?B;? E..b M/ `2/m+2/ ri2` pBH@
#BHBiv mM/2`b+Q`2b i?i i?2 HQr b2MbBiBpBiv iQ E..b 7QmM/ BM aQmi?2`M `2;BQMb `2~2+ib
bm#biMiBH /TiiBQMX Ai HbQ bm;;2bib i?i Qm` 2KTB`B+HHv }i /TiiBQM 7mM+iBQM
T`iBHHv ++QmMib 7Q` i?2 2tT2+iiBQM i?i r`KBM; rBHH +mb2 /`v `2;BQMb iQ #2+QK2
/`B2`e3- i?Qm;? 7m`i?2` 2tTHB+Bi 2tKBMiBQM Q7 i?2 BM~m2M+2b Q7 ri2` pBH#BHBiv mTQM
vB2H/ TT2`b M2+2bb`vX
GQbb2b iQ lXaX KBx2 vB2H/ 7`QK BM+`2b2/ i2KT2`im`2 Bb HKQbi +2`iBMHv Qp2`2biB@
Ki2/ B7 /TiiBQM Bb MQi ++QmMi2/ 7Q`RjN-R9y- M/ ?2`2 r2 ?p2 b?QrM i?i /TiiBQM
+QmH/ /2+`2b2 i?2 p2`;2 7`+iBQMH HQbb2b BM i?2 1bi2`M lXaX #v `Qm;?Hv  7+iQ` Q7
k9
  
 110 ° W 
 100° W   90° W   80
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 30 ° N 
 40 ° N 
 50 ° N 
Correlation Coefficient
−0.8 −0.7 −0.6 −0.5 −0.4 −0.3 −0.2 −0.1 0
6B;m`2 RXd, *Q``2HiBQM #2ir22M K2M E.. M/ K2M T`2+BTBiiBQMX h?2 +Q``2HiBQM Bb H@
KQbi 2p2`vr?2`2 M2;iBp2 #2ir22M K2M E.. M/ K2M T`2+BTBiiBQMX h?2 bi`QM; M2;iBp2 +Q``2@
HiBQM BM i?2 bQmi? 7m`i?2` bmTTQ`ib i?i HQ+H /TiiBQM ++QmMib 7Q` i?2 HQr b2MbBiBpBiv iQ E..-
b QTTQb2/ iQ +QKT2MbiBM; K2i2Q`QHQ;B+H 7+iQ`bX AM ;2M2`H- v2`b rBi? ?B;? E.. `2 ++QKT@
MB2/ #v HQr T`2+BTBiiBQMX
irQ M/ +QmH/ M2;i2 HQbb2b rBi? `2bT2+i iQ iQiH T`Q/m+iBQM- i H2bi 7Q`  KQ/2bi k◦*
r`KBM;X h?2 T`QbT2+i i?i /TiiBQM +QmH/ ?p2 bm+?  bB;MB}+Mi BM~m2M+2 mTQM
7mim`2 vB2H/b T`QpB/2b BKT2imb 7Q` 7m`i?2` bim/vX h`BHb ;`QrBM; +`QT p`B2iB2b BM /B7@
72`2Mi +QM/BiBQMb Q7 i2KT2`im`2 M/ ri2` pBH#BHBiv- MHvbBb Q7 i?2 b2MbBiBpBiv M/
/Ti#BHBiv Q7 Qi?2` KDQ` 7QQ/ +`QTb M/ Qi?2` ;`QrBM; `2;BQMb- M/ i?2 TTHB+iBQM
Q7 KQ`2 +QKTH2i2 #BQT?vbB+H KQ/2Hb Q7 +`QT BMi2`+iBQMb rBi? 2MpB`QMK2MiH p`BiBQMb
rQmH/ HH #2 T`m/2Mi mM/2`iFBM;b 7Q` /2[mi2Hv T`2/B+iBM; i?2 2+QHQ;B+H `2bTQMb2 Q7
k8
+`QTb iQ  +?M;BM; +HBKi2X
RXd J2i?Q/b
h?2 /i BM+Hm/2/ BM i?Bb bim/v `2 7`QK bii2b i?i `2TQ`i KBx2 THMiBM; M/ ?`p2bi
iBK2b 7Q` i H2bi 2B;?i v2`b- HBKBiBM; i?2 TQQH iQ RN bii2b BM i?2 1bi2`M lMBi2/
aii2bX h2KT2`im`2 `2+Q`/b `2 b+`22M2/ iQ BM+Hm/2 QMHv i?Qb2 ?pBM; 72r2` i?M 2B;?i
+QMb2+miBp2 /vb Q7 KBbbBM; i2KT2`im`2 pHm2b- rBi? i?2 `2KBMBM; ;Tb BM}HH2/ mbBM;
HBM2` BMi2`TQHiBQMX .i 7`QK d3 +QmMiB2b `2 HbQ QKBii2/ #2+mb2 vB2H/ Q` M2`#v
r2i?2` biiBQM `2+Q`/b ?p2 H2bb i?M 2B;?i v2`b Q7 mb#H2 /iX
_2TQ`i2/ +QM}/2M+2 BMi2`pHb ++QmMi 7Q` mM+2`iBMiB2b BM }iiBM;  T`iB+mH` KQ/2H
iQ i?2 Q#b2`piBQMb- #mi /Q MQi ++QmMi 7Q` mM+2`iBMiB2b BM KQ/2H 7Q`KmHiBQM Bib2H7X
aQK2 BM/B+iBQM Q7 KQ/2H mM+2`iBMiv Bb T`QpB/2/ #v i?2 i?`22 7mM+iBQMH 7Q`Kb /Bb+mbb2/
BM `2;`/ iQ E.. b2MbBiBpBiv p2`bmb +HBKiQHQ;v U6B;X RXjV M/ #v i?2 BM+HmbBQM Q7 :..
KH/TiiBQMX  `M;2 Q7 Hi2`MiBp2 /i b2H2+iBQMb M/ KQ/2H +QM};m`iBQMb r2`2
HbQ 2tTHQ`2/ #27Q`2 i?Qb2 T`2b2Mi2/ BM i?2 KBM i2ti r2`2 b2H2+i2/ 7Q` i?2B` bBKTHB+Biv
M/ /2b+`BTiBp2 bFBHH- M/ ?2`2 r2 7m`i?2` /2b+`B#2 i?2 BKTHB+iBQMb Q7 i?Qb2 +?QB+2bX
*QmMiB2b MQi bB;MB}+MiHv }i US < 0.05V #v 1[X RXR r2`2 QKBii2/X AM+Hm/BM; HH +QmMiB2b
;p2 bBKBH` HQbb2b 7`QK  k◦* r`KBM; Q7 RRW rBi?Qmi /TiiBQM M/ 9W rBi?- r?2`2
i?2 bHB;?i `2/m+iBQM BM b2MbBiBpBiv Bb +QMbBbi2Mi rBi? 1[X RXR #2BM; H2bb HBF2Hv iQ Q#iBM 
bB;MB}+Mi }i rBi? +QmMiB2b i?i ?p2 HQr b2MbBiBpBiv iQ r2i?2` p`BiBQMbX
 `M;2 Q7 E.. i?`2b?QH/b #2ir22M k8◦ M/ j8◦* r2`2 HbQ 2tT2`BK2Mi2/ rBi? 7Q`
2+? +QmMiv- b r2HH b i?`2b?QH/b #b2/ QM i?2 Nyi? T2`+2MiBH2 Q7 i2KT2`im`2b BM 2+?
+QmMiv- #mi i?2b2 HbQ ;p2 HBiiH2 BKT`Qp2K2Mi BM }i U6B;X RX3VX q2 7QmM/ MQ +H2` bTiBH
Tii2`M BM QTiBKH i?`2b?QH/ pHm2b M/- 7Q` +QMbBbi2M+v- b2H2+i2/ i?2 bK2 i?`2b?QH/ Q7
ke
kN◦* mb2/ BM T`2pBQmb bim/B2bR9y-RjRX *H+mHiBM; :..b 7i2` +TTBM; /BHv KtBKmK




























6B;m`2 RX3, :QQ/M2bb@Q7@}i 7Q` i?2 i2KT2`im`2 i?`2b?QH/ #Qp2 r?B+? FBHHBM; /2;`22 /vb
`2 +QKTmi2/X h?2 ;QQ/M2bb@Q7@}i Bb K2bm`2/ b i?2 bmK Q7 i?2 b[m`2/ `2bB/mHb r?2M }iiBM;
1[X RXR iQ i?2 +QmMiv@H2p2H vB2H/ /iX h?2 #2bi }i Bb +?B2p2/ rBi?  i2KT2`im`2 i?`2b?QH/ Q7
jy◦*- #mi r2 mb2  i?`2b?QH/ Q7 kN◦* i?`Qm;?Qmi i?Bb bim/v 7Q` +QMbBbi2M+v rBi? T`2pBQmb rQ`FX
lb2 Q7  jy◦* i?`2b?QH/ `2/m+2b i?2 2biBKi2/ HQbb2b 7`QK  k◦* r`KBM; iQ RRW rBi?Qmi /T@
iiBQM M/ 9W rBi? /TiiBQMX LQi2 i?i Hi?Qm;? i?2 K;MBim/2b /Bz2` ++Q`/BM; iQ i?2 i?`2b?@
QH/- i?2 `2HiBp2 /Bz2`2M+2b `2 +QKT`#H2 mbBM; 2Bi?2` i?`2b?QH/- bmTTQ`iBM; Qm` KBM +QM+HmbBQM
i?i /TiiBQM ?b KDQ` BKTHB+iBQMb 7Q` 7Q`2+biBM; i?2 2z2+ib Q7 +HBKi2 +?M;2 mTQM +`QT
vB2H/X
AM+HmbBQM Q7  7`22xBM; /2;`22 /v i2`K BM 1[X RXR HBF2rBb2 ;p2 M2;HB;B#H2 BKT`Qp2K2Mi
BM i?2 #BHBiv Q7 i?2 KQ/2H iQ T`2/B+i vB2H/ p`BiBQMb- T`2bmK#Hv #2+mb2 Q7 i?2 p2`v
72r 7`22xBM; /vb i?i Q++m` /m`BM; i?2 ;`QrBM; b2bQMX 6BMHHv- BM+HmbBQM Q7 HBM2`
M/ [m/`iB+ T`2+BTBiiBQM i2`Kb r2`2 2tT2`BK2Mi2/ rBi? #mi ;p2 M2;HB;B#H2 BM+`2b2b
kd
BM i?2 KQ/2H }i- b /Bb+mbb2/ BM i?2 KBM i2ti- M/ H2/ iQ KMv KQ`2 +QmMiB2b #2BM;
`2D2+i2/ #2+mb2 Q7 M BMbB;MB}+Mi }i b  `2bmHi Q7 i?2 BM+`2b2/ /2;`22b Q7 7`22/QKX
Pi?2` bim/B2b mb2/  HQ;`Bi?KB+ i`Mb7Q`KiBQM Q7 vB2H/ /i- b QTTQb2/ iQ K;MB@
im/2b- BM Q`/2` iQ KBMBKBx2 BM~m2M+2 7`QK i`2M/b M/ `2;BQMH /Bz2`2M+2b BM vB2H/R9y-38X
_2T2iBM; Qm` MHvbBb mbBM; HQ;`Bi?KB+HHv i`Mb7Q`K2/ vB2H/b ;p2  bBKBH` `2H@
iBQMb?BT #2ir22M +HBKiQHQ;B+H E..b M/ i?2 b2MbBiBpBiv iQ E..b U+QKT`2 6B;X RXN
M/ 6B;X RXjV M/ bQK2r?i HQr2` vB2H/ HQbb2b Q7 RRW rBi?Qmi /TiiBQM M/ kW rBi?
/TiiBQMX






















6B;m`2 RXN, Hi2`MiBp2 MHvbBb mbBM; i?2 HQ;`Bi?K Q7 vB2H/X Pi?2` bim/B2b UBX2X `27bR9y-38V
Q7i2M mb2 HQ;UvB2H/V BMbi2/ Q7 K;MBim/2X h?2 #bB+ `2HiBQMb?BT #2ir22M +HBKiQHQ;B+H E..
M/ HQ;UvB2H/V b2MbBiBpBiv Bb [mBi2 bBKBH` iQ i?i #2ir22M +HBKiQHQ;B+H E.. M/ vB2H/ b2MbBiBpBiv
U6B;X RXjVX h?2 v@tBb ?b #22M i`mM+i2/ 7Q` +H`Biv i @yXyR- QKBiiBM; i?2 7Qm` KQbi b2MbBiBp2
pHm2b- HH Q7 r?B+? ?/ p2`v HQr K2M E..b- i?Qm;? i?2 TQBMib r2`2 BM+Hm/2/ BM i?2 }iX
h?2 #Qp2 KQ/B}+iBQMb `2;`/BM; /i b2H2+iBQM M/ KQ/2H +QM};m`iBQM i?i r2
2tTHQ`2/ H2/ iQ [mHBiiBp2Hv +QMbBbi2Mi `2bmHib- T`QpB/BM; +QM}/2M+2 i?i /TiiBQM
k3
?b bB;MB}+Mi TQi2MiBH iQ KBiB;i2 vB2H/ HQbb2b 7`QK KQ/2`i2 r`KBM;X LQM2i?2H2bb-
7m`i?2` `2b2`+? mbBM; Hi2`MiBp2 bBKTH2 KQ/2H 7Q`KmHiBQMb- KQ`2 +QKTH2i2 #BQT?vbB+H
KQ/2Hb- M/ }2H/ i`BHb iQ i2bi i?2b2 KQ/2Hb `2 HH M22/2/ iQ #2ii2` mM/2`biM/ i?2
2z2+iBp2M2bb Q7 M/ b+QT2 7Q` /TiiBQMX
RX3 *b2 aim/v, "miH2` *QmMiv
Ai Bb mb27mH iQ +QMbB/2`  bT2+B}+ +b2 bim/v b  K2Mb Q7 BHHmbi`iBM; i?2 Qp2`HH MHvbBb
T`Q+2bb- M/ ?2`2 r2 7Q+mb QM "miH2` *QmMiv- P?BQ- i jNX9◦L M/ 39X8◦qX "miH2`
*QmMivǶb K2M vB2H/b `2 RR3 #mb?2Hbf+`2 `2HiBp2 iQ i?2 p2`;2 Q7 Ry3 #mb?2Hbf+`2
Qp2` HH +QmMiB2bX "miH2` Bb QM2 Q7 i?2 #2ii2` KQ/2H2/ +QmMiB2b- rBi? i?2 KQ/2H 2tTHBMBM;
3eW Q7 i?2 vB2H/ p`B#BHBiv UBM i?2 d8th T2`+2MiBH2 Q7 p`BM+2 2tTHBM2/- };X RXRyV- #mi
i?2 `2bmHib T`2b2Mi2/ ?2`2 `2 MQM2i?2H2bb ;2M2`HBx#H2 iQ `2bmHib 7`QK Qi?2` +QmMiB2bX
M Q#pBQmb `2HiBQMb?BT 2tBbib #2ir22M T2Fb BM E.. MQKHv M/ i`Qm;?b BM MMmH
vB2H/ 7`QK "miH2` U6B;X RXRy#VX 6m`i?2`KQ`2- "miH2` b2`p2b iQ BHHmbi`i2 ?Qr :.. M/
E.. p`v `2HiBp2Hv BM/2T2M/2MiHvX 6Q` 2tKTH2- i?2 rQ`bi vB2H/b 7Q` "miH2` BM i?Bb
bim/v Q++m``2/ BM RN3j U8kXj #mb?2Hbf+`2V rBi?  :.. MQKHv Q7 YjXe /2;`22@/vb
M/  E.. MQKHv Q7 Ykyy /2;`22@/vbX AM RN38-  v2` rBi? QM2 KQ`2 :.. #mi 
E.. MQKHv Q7 @8NXj /2;`22@/vb- i?2 vB2H/b r2`2 Qp2` /Qm#H2 i?Qb2 BM RN3j URkkX3
#mb?2Hbf+`2VX h?Bb /2KQMbi`i2b i?2 ;`2i b2MbBiBpBiv Q7 vB2H/b BM "miH2` iQ p`BiBQMb
BM E..- M/  +2Mi`H [m2biBQM 7Q` /2i2`KBMBM; "miH2`Ƕb `2bTQMb2 iQ 7mim`2 r`KBM; Bb
r?2i?2` bm+? H`;2 HQbb2b +QmH/ #2 KBiB;i2/ B7 ?B;?2` H2p2Hb Q7 E..b #2+QK2 i?2 MQ`KX
AM i?2 +b2 Q7 MQ /TiiBQM- Qm` KQ/2H T`2/B+ib i?i  2◦* r`KBM; rQmH/ H2/ iQ
 RNW `2/m+iBQM BM vB2H/ 7`QK RR3 iQ Ne #mb?2Hbf+`2 U6B;X RXRy+V BM "miH2`- r?2`2b
rBi? /TiiBQM- K2M vB2H/b /2+HBM2 #v RRWX GQbb2b rBi? M/ rBi?@Qmi /TiiBQM `2
kN
+H+mHi2/ #v `mMMBM; i?2 KQ/2H rBi? ?BbiQ`B+H i2KT2`im`2b THmb 2◦*- ;BpBM;  /Bz2`2Mi
iBK2@?BbiQ`v Q7 :..b M/ E..b U6B;X RXRy/VX 6Q` 2tKTH2- BM v2` Ry Qm` KQ/2H ;Bp2b
 j #mb?2Hbf+`2 ;`2i2` HQbb rBi?Qmi /TiiBQM- `2HiBp2 iQ rBi? /TiiBQM- r?2`2b
BM v2`b j M/ kd i?2`2 Bb  kR #mb?2Hbf+`2 ;`2i2` HQbbX Uu2`b `2 `2TQ`i2/ ;2M2`B+HHv
mM/2` i?2 r`KBM; b+2M`BQ rBi? v2` R +Q``2bTQM/BM; iQ RN3R M/ v2` k3 +Q``2bTQM/BM;
iQ kyy3 BM i?2 ?BbiQ`B+ `2+Q`/XV HH biiBbiB+b i?i r2 `2TQ`i BM i?2 KBM KMmb+`BTi `2
+H+mHi2/ #v p2`;BM; +`Qbb v2`b 7Q` r?B+? ?BbiQ`B+H /i `2 pBH#H2- r?B+? 7Q`
i?2 7mim`2 r`KBM; b+2M`BQ BKTHB+BiHv bbmK2b i?i i?2 /Bbi`B#miBQM Q7 i2KT2`im`2b
`QmM/  ;Bp2M K2M Bb mM+?M;2/X

















































Projected Yield with Adaptation
Projected Yield without Adaptation



























6B;m`2 RXRy, *b2 bim/v 7Q` "miH2`- P>X UV "miH2`- P> vB2H/b U#H+FV M/ KQ/2H }i U/b?2/VX
U#V u2`Hv p`BiBQM BM :.. M/ E.. MQKHvX U+V 1biBKi2/ vB2H/ rBi?Qmi /TiiBQM U/b?2/V
7Q`  k◦* r`KBM; M/ rBi? /TiiBQM UbQHB/VX LQi2 i?i v2` R +Q``2bTQM/b iQ RN3R M/ v2` k3
+Q``2bTQM/b iQ kyy3 7`QK i?2 ?BbiQ`B+H `2+Q`/X U/Vh?2 +QKT`#H2 BM+`2b2 BM :.. MQKHv Bb
MQi 2MQm;? iQ Qzb2i i?2 2z2+ib Q7 BM+`2b2/ E..b- 2p2M rBi?  `2/m+2/ E.. b2MbBiBpBivX LQi2
i?i r?BH2 MQKHB2b BM+`2b2 #v bBKBH` KQmMib- i?2 7`+iBQMH BM+`2b2 BM E.. Bb bm#biMiBHHv
H`;2`X h?2`2 `2 KBbbBM; /i 7Q` "miH2` *QmMiv BM v2`b RNNj- RNN8- RNNe- RNNd- RNNN- M/ kyyy
#2+mb2 Q7 ;Tb ;`2i2` i?M QM2 r22F BM i?2 KtBKmK i2KT2`im`2 /i Q#iBM2/ 7`QK biiBQM
RkRyjy i jNX9◦L M/ 38Xy◦qX
jy
2
o`BiBQM BM 2ti`2K2 i2KT2`im`2
b2MbBiBpBiv #v `2;BQM M/ ;`Qri? T?b2
kXR #bi`+i
JBx2 vB2H/ Bb b2MbBiBp2 iQ ?B;? i2KT2`im`2b- M/ KQbi H`;2 b+H2 MHvb2b ?p2 mb2/ 
bBM;H2- }t2/ b2MbBiBpBiv iQ `2T`2b2Mi i?Bb pmHM2`#BHBiv Qp2` i?2 +Qm`b2 Q7  ;`QrBM; b2bQMX
jR
6B2H/ b+H2 bim/B2b- BM +QMi`bi- ?B;?HB;?i ?Qr i2KT2`im`2 b2MbBiBpBiv p`B2b Qp2` i?2
+Qm`b2 Q7 /2p2HQTK2MiX >2`2 r2 +QmTH2 lMBi2/ aii2b .2T`iK2Mi Q7 ;`B+mHim`2 vB2H/
M/ /2p2HQTK2Mi /i 7`QK RN3R@kyRk rBi? r2i?2` biiBQM /i iQ `2bQHp2 i2KT2`im`2
b2MbBiBpBiv ++Q`/BM; iQ #Qi? `2;BQM M/ ;`Qri? BMi2`pHX PM p2`;2- i2KT2`im`2
b2MbBiBpBiv T2Fb /m`BM; bBHFBM; M/ ;`BM }HHBM;- #mi i?2`2 `2 KDQ` `2;BQMH p`BiBQMbX
AM LQ`i?2`M bii2b ;`BM }HHBM; T?b2b `2 b?Q`i2` r?2M i2KT2`im`2b `2 ?B;?2`- r?2`2b
aQmi?2`M bii2b b?Qr HBiiH2 vB2H/ b2MbBiBpBiv M/ ?p2 HQM;2` ;`BM }HHBM; T?b2b /m`BM;
?Qii2` b2bQMbX h?Bb Tii2`M Q7 ;`BM }HHBM; b2MbBiBpBiv M/ /m`iBQM ++Q`/b rBi? i?2
r?QH2@b2bQM i2KT2`im`2 b2MbBiBpBiv BM la KBx2 B/2MiB}2/ BM `2+2Mi bim/B2bX 6m`i?2`
2tTHQ`iBQM Q7 ;`BM }HHBM; /m`iBQM M/ Bib `2bTQMb2 iQ ?B;? i2KT2`im`2b Kv #2 mb27mH
BM /2i2`KBMBM; i?2 /2;`22 iQ r?B+? KBx2 ;`B+mHim`2 +M #2 /Ti2/ iQ  ?Qii2` +HBKi2X
kXk AMi`Q/m+iBQM
JQbi H`;2@b+H2 2KTB`B+H bim/B2b Q7 i?2 2z2+ib Q7 2ti`2K2 i2KT2`im`2b mTQM KBx2
vB2H/ ?p2 2KTHQv2/  bBM;H2- }t2/ b2MbBiBpBivR8d-k9-RjN-3k-R9y-e8-R3X  KQ`2 `2bQHp2/ MHv@
bBb Bb mb27mH- ?Qr2p2`- #2+mb2 b2MbBiBpBiv p`B2b bm#biMiBHHv +`Qbb /2p2HQTK2Mi T?b2b-
M/ ++QmMiBM; 7Q` i?2b2 p`BiBQMb T2`KBib 7Q` #2ii2` /Bb+2`MK2Mi Q7 T?vbBQHQ;B+H +QM@
i`QHb M/ [mMiB}+iBQM Q7 i?2 `2HiBQMb?BT #2ir22M r2i?2` M/ vB2H/X
1`Hv }2H/@b+H2 rQ`Fj8 /2KQMbi`i2/ i?i i?2 b2MbBiBpBiv Q7 KBx2 vB2H/ iQ i2KT2`@
im`2 T2Fb i  pHm2 TT`QtBKi2Hv i?`22 iBK2b #Qp2 i?2 p2`;2 `QmM/ Ny /vb 7i2`
THMiBM;- /m`BM; bBHFBM;X aBM+2 i?i iBK2- KMv 7m`i?2` }2H/@b+H2 bim/B2b ?p2 +QM}`K2/
i?i KBx2 vB2H/ Bb T`iB+mH`Hv b2MbBiBp2 iQ 2H2pi2/ i2KT2`im`2b /m`BM; bBHFBM; b r2HH
b ;`BM }HHBM;Rj3X a2p2`H H`;2@b+H2 2KTB`B+H MHvb2b ?p2 HbQ MHvx2/ b2MbBiBpBiv
/m`BM; TQ`iBQMb Q7 KBx2 /2p2HQTK2MiX 6Q` 2tKTH2- KQ/2`i2 b2MbBiBpBiv iQ ?B;? i2K@
jk
T2`im`2b T`BQ` iQ bBHFBM;- 2t+2TiBQMH b2MbBiBpBiv /m`BM; bBHFBM;- M/ BM+`2b2/ vB2H/b
rBi? 2H2pi2/ i2KT2`im`2b 7i2` i?2 bBHFBM; T2`BQ/ r2`2 /2KQMbi`i2/ 7Q` bm#@a?`M
KBx2 vB2H/b38X aBKBH`Hv- b2MbBiBpBiv iQ ?B;? i2KT2`im`2b /m`BM; 2`Hv `2T`Q/m+iBp2
bi;2b ?b #22M /2KQMbi`i2/ 7Q` la JBx2RR8-RRe-RyX
*QKTH2K2Mi`v iQ i2KTQ`H p`BiBQM BM b2MbBiBpBiv Bb iQ 2tTHQ`2 `2;BQMH p`BiBQMb
BM b2MbBiBpBivX h`BHb QM p`BQmb +mHiBp`b b?Qr i?i i?Qb2 THMi2/ BM i?2 aQmi? T`Q/m+2
KQ`2 ?2i b?Q+F T`Qi2BMb- HQb2 H2bb ri2`- M/ ?p2 KQ`T?QHQ;B2b #2ii2` /Ti2/ iQ ?Qi
2MpB`QMK2Mib `2HiBp2 iQ i?Qb2 ivTB+HHv THMi2/ BM i?2 LQ`i?RjyX Ai ?b HbQ #22M b?QrM
i?i i2KT2`i2 +mHiBp`b ++2H2`i2 /2p2HQTK2Mi BM `2bTQMb2 iQ ?B;? i2KT2`im`2b KQ`2
bQ i?M i`QTB+H p`B2iB2bRkd-RkeX *QMbBbi2Mi rBi? i?2b2 p`BiBQMb KQM;bi +mHiBp`b-
KBx2 ?b #22M 7QmM/ iQ #2 KQ`2 b2MbBiBp2 iQ ?B;? i2KT2`im`2b BM i?2 la LQ`i? i?M
aQmi?R3-R9kX
HbQ bm;;2bi2/ Bb i?i i?2 Q#b2`p2/ bTiBH p`BiBQMb BM b2MbBiBpBiv Kv T2`KBi 7Q` BM@
72`2M+2 Q7 /Ti#BHBiv iQ 7mim`2 BM+`2b2b BM i2KT2`im`2R3- i?Qm;? i?2 TT`QT`Bi2M2bb
Q7 bm+? M BM72`2M+2 /2T2M/b QM i?2 #bBb 7Q` T`2b2Mi bTiBH p`BiBQMb BM b2MbBiBpBiv- M/
r?2i?2` i?2b2 [mHBiB2b +QmH/ #2 /pMi;2QmbHv BKTQ`i2/ iQ M2r `2;BQMb ;Bp2M r`K2`
+QM/BiBQMbR9k-RN-dNX >2`2 r2 7Q+mb QM B/2MiB7vBM; T?vbBQHQ;B+ /TiiBQMb iQ ?B;? i2K@
T2`im`2b BM `BM72/ KBx2 i?i Kv mM/2`HB2 p`BiBQMb BM bTiBH b2MbBiBpBivX
kXj J2i?Q/b
q2 }`bi +?`+i2`Bx2 bTiBH p`BiBQM BM i2KT2`im`2 b2MbBiBpBiv mbBM;  KQ/2H rBi?
 bBM;H2 }t2/ b2MbBiBpBiv Qp2` i?2 +Qm`b2 Q7 i?2 2MiB`2 ;`QrBM; b2bQM- bBKBH` iQ i?2
TT`Q+? BM KMv T`2pBQmb bim/B2bR8d-k9-RjN-3k-R9y-e8-R3- M/ i?2M BMi`Q/m+2  i2+?MB[m2
iQ BM+Q`TQ`i2 /2p2HQTK2MiH /i BMiQ  `2;`2bbBQM KQ/2H BM Q`/2` iQ 2tTHQ`2 ?Qr
jj
i2KT2`im`2 b2MbBiBpBiv p`B2b i?`Qm;? i?2 ;`QrBM; b2bQMX
b BMTmi iQ i?2 `2;`2bbBQM KQ/2H r2 mb2 /2p2HQTK2Mi /i 7`QK i?2 lMBi2/ aii2b
.2T`iK2Mi Q7 ;`B+mHim`2fLiBQMH ;`B+mHim`2 aiiBbiB+b a2`pB+2Rkj M/ i2KT2`im`2
/i 7`QK i?2 lMBi2/ aii2b >BbiQ`B+H *HBKiQHQ;v L2irQ`F r2i?2` biiBQMbRyRX .2p2H@
QTK2Mi /i `2 pBH#H2 7Q` Rd bii2b rBi?BM i?2 1bi2`M lMBi2/ aii2b- HH 2ti2M/BM;
7`QK RN3R@kyRk 2t+2Ti 7Q` :2Q`;B URN3R@RNNNV M/ h2tb URN38@kyRkVX oB`;BMB- h2M@
M2bb22- M/ LQ`i? .FQi HbQ ?p2 /2p2HQTK2Mi /i #mi `2 QKBii2/ #2+mb2 H2bb i?M
R8 v2`b Q7 /i KF2b `2HB#H2 T`K2i2` 2biBKiBQM /B{+mHiX h2KT2`im`2 /i `2
KtBKmK /BHv i2KT2`im`2- /2MQi2/ Tmax,d- M/ KBMBKmK /BHv i2KT2`im`2- Tmin,dX
h?2b2 /BHv i2KT2`im`2 pHm2b `2 BMi2`TQHi2/ 7`QK  bm#b2i Q7 999 r2i?2` biiBQMb
mbBM;  .2HmMv h`BM;mHiBQMRk iQ i?2 +2Mi2` TQBMi bbQ+Bi2/ rBi? 2+? +QmMiv +QM@
iBM2/ rBi?BM i?2 Rd bii2b ?pBM; bm{+B2Mi /2p2HQTK2Mi /i
>2pBHv B``B;i2/ +QmMiB2b `2 2t+Hm/2/ 7`QK Qm` MHvbBb #2+mb2 B``B;iBQM bB;MB7@
B+MiHv `2/m+2b i2KT2`im`2 b2MbBiBpBivR3 M/ iQ 2Mbm`2  KQ`2 ?QKQ;2M2Qmb bKTH2X
aT2+B}+HHv- B``B;iBQM /i `2 p2`;2/ +`Qbb i?`22 pBH#H2 +2Mbmb v2`b URNNd- kyyk-
kyydV M/ +QmMiB2b r?Qb2 p2`;2 B``B;iBQM 2t+22/b RyW Q7 Bib iQiH ?`p2bi2/ `2 `2
2t+Hm/2/X *QHQ`/Q Bb `2KQp2/ 2MiB`2Hv 7Q` ?pBM; QMHv  bBM;H2 mMB``B;i2/ +QmMiv rBi?
 bm{+B2MiHv HQM; `2+Q`/ Q7 KBx2 THMiBM;- #`BM;BM; i?2 iQiH MmK#2` Q7 bii2b MHvx2/
iQ ReX
q2 mb2 ;`QrBM; /2;`22 /vb U:..V b M 2biBKi2 Q7 i?2 #2M2}+BH 2z2+ib Q7 i2K@
T2`im`2X :..b `2 ivTB+HHv mb2/ b  K2bm`2 Q7 i?2 i?2`KH iBK2 `2[mB`2/ 7Q` 
bT2+B}+ +mHiBp` iQ /2p2HQT- #mi BM i?Bb ;;`2;i2 MHvbBb i?2`2 `2 KMv Kim`Biv
+Hbb2b rBi?BM Mv ;Bp2M bii2 QM Mv ;Bp2M v2`- M/ v2`Hv :..b ?2HT /2i2`KBM2
r?B+? Q7 i?Qb2 +mHiBp`b `2 KQbi bm++2bb7mHX h?Bb TT`Q+? Bb BM F22TBM; rBi? T`2pBQmb
;;`2;i2 biiBbiB+H bim/B2b38-j3-R3X h?2 /BHv ?2i mMBi- GDDd- Bb /2}M2/ QM 2+? /v-
j9
d- mbBM; i?2 `2T`2b2MiiBQM Q7R,
GDDd =








TKt-/ B7 THQr < TKt-/ < T?B;?,
THQr B7 TKt-/ ≤ THQr,
T?B;? B7 TKt-/ ≥ T?B;?.
UkXkV
T ∗min,d Bb /2}M2/ rBi? MHQ;Qmb #QmM/bX aBKBH`Hv- /K;BM; ?2i mMBib- FBHHBM; /2;`22
/vb UE..bV- `2 mb2/ iQ [mMiB7v i2KT2`im`2b i?i Kv `2/m+2 vB2H/b- 7Q` 2tKTH2-
i?`Qm;? /2bB++iBQM Q` ++2H2`i2/ /2p2HQTK2Mi- M/ `2 /2}M2/ b,
E..d =
⎧⎪⎨⎪⎩ TKt − T?B;?, B7 TKt > T?B;?,0, B7 TKt ≤ T?B;?. UkXjV
AM i?2 #Qp2- Tlow Bb b2i iQ N◦* M/ Thigh iQ kN◦*- bBKBH` iQ ivTB+H pHm2b 7Q` :..bRX
 Thigh pHm2 Q7 29◦* 7Q` /K;BM; i2KT2`im`2b Bb +QMbBbi2Mi rBi? T`2pBQmb biiBbiB+H
bim/B2b Q7 i?2 BM~m2M+2 Q7 ?B;? i2KT2`im`2 QM vB2H/k9-R9y-38-R3-e8- i?Qm;? Bb MQi#Hv
+QQH2` i?M i?`2b?QH/b 2bi#HBb?2/ 7Q` T`Qi2BM /2Mim`BM; U≈ 45◦*VR8e Q` T?QiQbvMi?2iB+
BM?B#BiBQM U≈ 38◦*VjRX h?Bb /Bb+`2TM+v +M #2 2tTHBM2/ BM i?i E..b `2T`2b2Mi KMv
M2;iBp2 2z2+ib Q7 ?B;? i2KT2`im`2- r?B+? #2;BM iQ ++`m2 i i2KT2`im`2b Dmbi #Qp2
i?2 QTiBKmKX Ai Bb HbQ MQi2rQ`i?v i?i /Bb+`2TM+B2b +M 2tBbi #2ir22M K#B2Mi B`
i2KT2`im`2 Ĝ 7Q` r?B+? /i `2 rB/2Hv pBH#H2 Ĝ M/ +`QT +MQTv i2KT2`im`28dX
q2 HbQ 2tT2`BK2Mi2/ rBi? BM+Hm/BM; 7`22xBM; /vb- T`2+BTBiiBQM- M/ TQi2MiBH bmMb?BM2
?Qm`b BM i?2 KQ/2H #mi i?2b2 r2`2 mHiBKi2Hv `2D2+i2/ 7Q` //BM; HBiiH2 2tTHMiQ`v TQr2`
`2HiBp2 iQ i?2 BM+`2b2/ MmK#2` Q7 7`22 T`K2i2`b- T`iB+mH`Hv BM i?i Qm` 7Q+mb Bb QM
j8
p`BiBQMb BM i?2 b2MbBiBpBiv iQ i2KT2`im`2X
amKKBM; :..d M/ E..d +`Qbb 2+? v2`Ƕb ;`QrBM; b2bQM M/ `2KQpBM; i?2
bKTH2 K2M +`Qbb HH v2`b- y- ;Bp2b MQKHB2b BM ++mKmHi2/ i2KT2`im`2 K2bm`2b-
:..′y M/ E..′y- rBi? r?B+? r2 7Q`KmHi2  TM2H `2;`2bbBQM KQ/2H 7Q` i?2 vB2H/-




y,c + ϵy,c. UkX9V
Yy,c `2T`2b2Mib i?2 vB2H/ BM +QmMiv c M/ v2` y 2tT`2bb2/ BM K2i`B+ iQMb T2` ?2+i`2
Uif?VX h?2 β0,c i2`K Bb  +QmMiv /2T2M/2Mi BMi2`+2Ti- r?2`2b Qi?2` β i2`Kb `2
mMB7Q`K +`Qbb 2+? bii2- iX h?2 BM+HmbBQM Q7  bii2@rB/2 HBM2` iBK2 i`2M/ b2MbBiBpBiv-
β1,i- ++QmMib 7Q` i2+?MQHQ;B+H BKT`Qp2K2Mi Qp2` i?2 bim/v T2`BQ/- RN3R@kyRkX Pp2`HH
TQbBiBp2 vB2H/ i`2M/b `2  `2bmHi Q7 #Qi? +mHiBp` M/ KM;2K2Mi BKT`Qp2K2Mi- rBi? i?2
;`2i2bi BM+`2b2 ;2M2`HHv ii`B#mi2/ iQ ;`2i2` biM/ /2MbBiB2b- r?B+? ?p2 BM+`2b2/
#v TT`QtBKi2Hv Ryyy THMib T2` ?2+i`2 T2` v2`8N-Rey-9RX AM //BiBQM- F2`M2H r2B;?i
?b BM+`2b2/ Qp2` i?2 +Qm`b2 Q7 THMi #`22/BM; M/ +QMi`B#mi2b iQ i?2 ?B;?2` vB2H/b Q7
KQ/2`M p`B2iB2beeX Hi?Qm;? i?2 2biBKi2/ β1- β2- M/ β3 rQmH/ MQi +?M;2 B7 i?2
K;MBim/2 Q7 :.. M/ E.. r2`2 mb2/ BMbi2/ Q7 MQKHB2b- i?2 pHm2 Q7 β0 rQmH/
i?2M MQi #2 BMi2`T`2i#H2 b i?2 K2M +QmMiv vB2H/X h?Bb KQ/2H Bb bBKBH` iQ i?i mb2/
BM Qi?2` `2+2Mi bim/B2bj3-e8- i?Qm;? ?2`2 Bi Bb 2KTHQv2/ iQ 2biBKi2 bTiBH p`BiBQM BM
T`K2i2` 2biBKi2b- b BMR3X
_2bQHpBM; i2KTQ`H b r2HH b bTiBH p`BiBQMb BM vB2H/ b2MbBiBpBiv `2[mB`2b //BiBQMH
MHvbBbX 6B`bi- r2 /2p2HQT M/ 2KTHQv  i2+?MB[m2 iQ +QK#BM2 bii2@H2p2H /2p2HQTK2Mi
/i rBi? +QmMiv@H2p2H vB2H/b M/ r2i?2` biiBQM i2KT2`im`2bX h?2 lMBi2/ aii2b
.2T`iK2Mi Q7 ;`B+mHim`2fLiBQMH ;`B+mHim`2 aiiBbiB+b a2`pB+2 /2p2HQTK2Mi /i
BM/B+i2b r?2M +`QTb Tbb i?`Qm;? bBt /BbiBM+i /2p2HQTK2MiH bi;2b, THMiBM;- bBHFBM;-
je
/Qm;?BM;- /2Mi2/- Kim`2- M/ ?`p2bi2/X h?2b2 bi;2b `2 mb2/ iQ /2}M2 7Qm` T?b2b
Q7 KBx2 /2p2HQTK2Mi, URV THMiBM; iQ bBHFBM; Bb +QHH2+iBp2Hv `272``2/ iQ b i?2 p2;2iiBp2
T?b2c UkV bBHFBM; iQ /Qm;?BM; Bb i?2 2`Hv ;`BM }HHBM; T?b2- UjV /Qm;?BM; iQ Kim`2
Bb i?2 Hi2 ;`BM }HHBM; T?b2c M/ U9V Kim`2 iQ ?`p2bi2/ Bb i?2 /`v/QrM T?b2X LQi2
i?i T?b2 j 2M+QKTbb2b Tbb;2 i?`Qm;? i?2 /2Mi2/ /2p2HQTK2MiH bi;2- KFBM;
i?2 2`Hv M/ Hi2 ;`BM }HHBM; T?b2b Q7 bBKBH` /m`iBQMX Hi?Qm;? vB2H/ Bb H`;2Hv
#BQHQ;B+HHv BMb2MbBiBp2 iQ KQbi 2MpB`QMK2MiH bi`2bb2b /m`BM; T?b2 9- i?2 KQ/2H Bb
mHiBKi2Hv +QMbi`BM2/ #v +imH vB2H/b b `2TQ`i2/- M/ QKBiiBM; TQbbB#H2 BM~m2M+2b
bm+? b bm{+B2MiHv ?B;? i2KT2`im`2 7Q` +`QT /`v/QrM- r?B+? +M BM~m2M+2 ?`p2biBM;-
+QmH/ BMi`Q/m+2 #Bb2b BM i?2 T`K2i2`b BM72``2/ 7Q` i?2 Qi?2` T?b2bX
.2p2HQTK2MiH pHm2b `2 `2TQ`i2/ b T2`+2Mi;2b Q7 iQiH +`2;2 ?pBM; iiBM2/ 
T`iB+mH` bi;2 QM  r22FHv #bBbX q2 HBM2`Hv BMi2`TQHi2 i?2b2 /i iQ /BHv pHm2b M/-
B7 i?2 /i /Q MQi +Qp2` y Q` RyyW- HBM2`Hv 2ti`TQHi2 iQ i?2b2 2M/ pHm2b BM i?2 /D+2Mi
r22FbX *mKmHiBp2 /Bbi`B#miBQMb Q7 /2p2HQTK2Mi bi;2 `2 +QMp2`i2/ BMiQ BMbiMiM2Qmb
/BHv 7`+iBQMb #v bm#i`+iBM; i?2 iQiH T2`+2MiBH2 Q7 +`2;2 BM i?2 7QHHQrBM; bi;2 Q7
/2p2HQTK2Mi M/ /BpB/BM; #v  7+iQ` Q7 Ryy- Pp,d = (Cs,d−Cs+1,d)/100. Pp,d `2T`2b2Mib
i?2 7`+iBQM Q7 i?2 THMi2/ `2 BM 2+? bii2 rBi?BM 2+? T?b2- p- QM /v- d U6B;X kXRVX
LQi2 i?i +`QTb +`Qbb  bii2 +M #2 BM b2p2`H T?b2b QM Mv ;Bp2M /v- M/ BM KMv
bii2b i?Bb Bb BM/22/ i?2 +b2 /m`BM; i?2 KB//H2 Q7 i?2 ;`QrBM; b2bQMX
AM+Q`TQ`iBM; i?Bb /2iBH2/ i2KTQ`H BM7Q`KiBQM QM ;`QrBM; T?b2b Bb BKTQ`iMi #2@
+mb2 Q7 i?2 p`B#BHBiv BM #Qi? i?2 b2bQMH +v+H2 Q7 i2KT2`im`2 M/ +`QTTBM; +H2M/`bX
SHMiBM; ?b b?B7i2/ #Qmi irQ r22Fb 2`HB2` +`Qbb i?2 la +Q`M #2Hi Qp2` i?2 Hbi i?`22
/2+/2bd8- M/ aQmi?2`M KBx2 Bb ivTB+HHv THMi2/ #Qmi  KQMi? 2`HB2` i?M BM i?2
LQ`i?X h?2`2 Bb HbQ bm#biMiBH BMi2`MMmH p`B#BHBiv BM i?2 iBKBM; M/ KTHBim/2 Q7
i?2 b2bQMH +v+H2 BM i2KT2`im`2- b r2HH b 2pB/2M+2 7Q`  ;2M2`H b?B7i iQr`/ 2`HB2`
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6B;m`2 kXR, h?2 7`+iBQM Q7 THMi2/ `2 BM AQr BM 2+? Q7 7Qm` /2p2HQTK2Mi T?b2bX aQHB/
HBM2b b?Qr i?2 K2M /2p2HQTK2MiH T?b2 /Bbi`B#miBQMb +`Qbb HH `2TQ`i2/ v2`b- /b?2/ HBM2b `2
7Q` i?2 2`HB2bi THMiBM; /i2 UJ`+? kei?- kyRkV- M/ /Qi@/b?2/ HBM2b `2 7Q` i?2 Hi2bi THMiBM;
/i2 UT`BH kRbi- kyy3V- M2`Hv  7mHH KQMi? Hi2`X AQr Bb i?2 H`;2bi T`Q/m+2` Q7 KBx2 BM i?2 la-
rBi? Qp2`  i?B`/ Q7 i?2 bii2Ƕb `2 /2/B+i2/ iQ KBx2 +mHiBpiBQMX
b2bQMb #v  72r /vb Qp2` i?2 Hbi +2Mim`vR8RX h?2 +QK#BM2/ 2z2+ib Q7 p`BiBQMb BM
i?2 b2bQMH +v+H2 M/ THMiBM; /i2 T2`KBi 7Q` bm#biMiBH +?M;2b BM i?2 i2KT2`im`2b
i?i  +`QT Kv 2tT2`B2M+2 /m`BM;  ;Bp2M ;`Qri? T?b2X
hQ BM+Q`TQ`i2 /2p2HQTK2Mi /i BMiQ T`2/B+iQ` p`B#H2b- /BHv :.. Bb r2B;?i2/ #v
i?2 7`+iBQM Q7 +`QT BM  ;Bp2M T?b2- GDDp =
∑
d Pp,dGDDd- r?2`2 i?2 bmK Bb Qp2`
i?2 /vb +QKT`BbBM;  ;Bp2M ;`Qri? T2`BQ/ b  7mM+iBQM Q7 bii2 M/ v2`X E..p Bb
+H+mHi2/ MHQ;QmbHvX GDDp M/ KDDp `2 i?2M mb2/ b T`2/B+iQ`b 7Q` +QmMiv vB2H/
BM  KmHiBTH2 HBM2` `2;`2bbBQM-











>2`2- b BM 1[MX kX9- i?2 β i2`Kb `2 /2}M2/ 7Q` 2+? bii2- i- b /B+ii2/ #v i?2 b+H2
i r?B+? i?2 /2p2HQTK2Mi /i `2 `2TQ`i2/- M/ pHm2b `2 2biBKi2/ mbBM; Q`/BM`v
j3
H2bi b[m`2bX b rBi? 1[MX kX9- T`BK2b QM :.. M/ E.. BM/B+i2 i?i i?2 K2M ?b
#22M `2KQp2/ iQ T`2p2Mi BMi2`+iBQM rBi? i?2 β0,c i2`KX h?2b2 KQ/2H `2bmHib ?p2 
K2M +Q2{+B2Mi Q7 /2i2`KBMiBQM Q7 yXeN- rBi? ;2M2`HHv #2ii2` }ib BM i?2 LQ`i? i?M
i?2 aQmi? M/- Q7 +Qm`b2- bmT2`BQ` }ib i?M i?2 bBM;H2 b2bQM b2MbBiBpBiv U6B;X kXkVX q2
MQi2 i?i Bi Bb HbQ TQbbB#H2 iQ b2H2+i  /Bz2`2Mi Thigh 7Q` 2+? ;`QrBM; T?b2Rj3 rBi?BM
2+? bii2- #mi i?i bm+? M TT`Q+? rQmH/ BMi`Q/m+2  H`;2 MmK#2` Q7 /Dmbi#H2
T`K2i2`b i?i rQmH/ #2 T`iBHHv `2/mM/Mi rBi? i?2 b2MbBiBpBiv T`K2i2`bX




Phase Based Model R2
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
a)




Whole Season Model R2
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
b)
6B;m`2 kXk, *Q``2HiBQM #2ir22M Q#b2`p2/ M/ T`2/B+i2/ vB2H/bX UV a[m`2/ +`Qbb@+Q``2HiBQM
#2ir22M /2p2HQTK2MiHHv@`2bQHp2/ KQ/2H T`2/B+iBQMb M/ Q#b2`piBQMb Q7 vB2H/- M/ U#V #2ir22M
r?QH2@b2bQM KQ/2H T`2/B+iBQM M/ vB2H/X AM HH +b2b- i?2 KQ`2 `2bQHp2/ KQ/2H ;Bp2b  bHB;?iHv
?B;?2` +Q``2HiBQM- b 7QHHQrb 7`QK i?2 ;`2i2` /2;`22b Q7 7`22/QKX
h?2 mb2 Q7 bT2+B}+ +`QT T?b2 /i2b 7Q` /2}MBM; :.. M/ E.. Bb +`BiB+H iQ i?2 T2`@
7Q`KM+2 Q7 Qm` KQ/2HX h?2 bmTTH2K2MiH Ki2`BH +QMiBMb  +QmMi2`7+imH 2tKTH2
r?2`2 T?b2 /i2b `2 }t2/ iQ i?2B` p2`;2 iBK2b +`Qbb v2`b- r?2`2mTQM i?2 BM72``2/
b2MbBiBpBiB2b `2 mMT?vbB+H- M/ i?2 2tTHBM2/ p`BM+2 Bb `2/m+2/X HbQ b22RR8-RRe-Ry
7Q` 7m`i?2` /Bb+mbbBQM `2;`/BM; i?2 BKTQ`iM+2 Q7 +Q``2+iHv `2bQHpBM; ;`Qri? bi;2b BM
+QMbB/2`BM; vB2H/ b2MbBiBpBivX
jN
:2M2`HHv- i?2 b2MbBiBpBiv iQ :..b `2 7QmM/ iQ ?p2  TQbBiBp2 +Q2{+B2Mi +`Qbb
2+? T?b2 M/ bii2- r?2`2b E..b ?p2  M2;iBp2 +Q2{+B2Mi +`Qbb bii2b U6B;X kXjVX
b 2+? bii2 +QMiBMb p`BQmb +mHiBp`b ?pBM; /Bz2`2Mi :.. Kim`Biv `iBM;b- i?2
;2M2`HHv TQbBiBp2 +Q2{+B2Mi Q7 :.. Bb BMi2`T`2i2/ b `2~2+iBM; ;`2i2` vB2H/b 7Q` HQM;2`
Kim`BM; p`B2iB2b93X h?i M BM+`2b2 BM :.. Kv 7m`i?2` #2M2}i vB2H/ Bb HbQ HBF2Hv
`2Hi2/ iQ i?2 /2;`22 iQ r?B+? +`#QM mTiF2- +?HQ`QT?vHH T`Q/m+iBQM- M/ ;`Qri? Kv
#2 BM?B#Bi2/ i HQr2` i2KT2`im`2bN8-Rjd-Rj3 b r2HH b i?2 7+i i?i :..b M/ K2M
i2KT2`im`2 `2 bi`QM;Hv +Q``2Hi2/X aT2+B}+HHv- i?2 +Q``2HiBQM #2ir22M /BHv :..b
M/ i?2 /BHv p2`;2 i2KT2`im`2 +H+mHi2/ 7Q` 2+? +QmMiv BM+Hm/2/ BM Qm` MHvbBb
;Bp2b M p2`;2 S2`bQMǶb +Q2{+B2Mi Q7 r = 0.94X HbQ BM F22TBM; rBi? i?2 BM72``2/ bB;M
Q7 i?2 `2bTQMb2- E..b `2 2tT2+i2/ iQ /K;2 vB2H/ i?`Qm;? /2bB++iBQM- ++2H2`i2/
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GDD Sensitivity [(t/ha)/(°C day)]
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KDD Sensitivity [(t/ha)/(°C day)]
−0.03 −0.02 −0.01 0 0.01 0.02 0.03
6B;m`2 kXj, uB2H/ b2MbBiBpBiv iQ ;`QrBM; M/ FBHHBM; /2;`22 /vbX S?b2 b2MbBiBpBiv Bb BM/B+i2/
#v b?/BM; rBi?BM i?2 r?22Hb +Q``2bTQM/BM; iQ, URV p2;2iiBp2- UkV 2`Hv ;`BM }HHBM;- UjV Hi2 ;`BM
}HHBM;- M/ U9V /`v/QrMX h?2 r?QH2 b2bQM b2MbBiBpBiv Bb BM/B+i2/ #v i?2 #+F;`QmM/ b?/BM; Q7
2+? bii2X UV :`QrBM; /2;`22 /v U:..V b2MbBiBpBiv Bb H`;2bi BM i?2 MQ`i?2`M bii2b /m`BM; 2`Hv
M/ Hi2 ;`BM }HHBM;X U#V EBHHBM; /2;`22 /v UE..V b2MbBiBpBiv Bb ;2M2`HHv H`;2bi /m`BM; 2`Hv ;`BM
}HHBM;- #mi Hi2 ;`BM }HHBM; Bb Q7  +QKT`#H2 K;MBim/2 BM i?2 LQ`i?X
9y
lM+2`iBMiB2b bbQ+Bi2/ rBi? βi,p b2MbBiBpBiB2b `2 +H+mHi2/ mbBM; #QQibi`T `2bK@
THBM;X 1+? +QmMiv Bb `2bKTH2/ Ryyy iBK2b mbBM; BM/BpB/mH v2`b b BM/2T2M/2Mi
`2THB+i2bX AM //BiBQM- r2 T2`7Q`K  KQ`2 +QMb2`piBp2 #HQ+F `2bKTHBM; BM r?B+? HH
+QmMiB2b rBi?BM  ;Bp2M bii2 M/ v2` `2 `2bKTH2/ iQ;2i?2` b  mMBiX h?Bb `2/m+2b
i?2 2z2+iBp2 /2;`22b Q7 7`22/QK #v  7+iQ` Q7 M2`Hv Ryy M/ T`QpB/2b M mTT2` 2biBKi2
7Q` i?2 mM+2`iBMiv U6B;X kX9V- #mi BM i?Bb +b2 :.. M/ E.. b2MbBiBpBiv BM KMv bii2
M/ bi;2 +QK#BMiBQMb `2 /B{+mHi iQ /BbiBM;mBb?- r?B+? `mMb +QmMi2` iQ i?2 i?2 Qp2`@
HH +QMbBbi2M+v Q#b2`p2/ #2ir22M bii2b M/ T?vbBQHQ;B+H 2tT2+iiBQMX *QmMiv #b2/
#QQibi`T 2biBKi2b `2- i?2`27Q`2- mb2/ 7Q` +Bi2/ mM+2`iBMiB2bX
























































6B;m`2 kX9, *QM}/2M+2 BMi2`pHb +H+mHi2/ mbBM; bii2@H2p2H M/ +QmMiv@H2p2H ;;`2;@
iBQMX UV uB2H/ b2MbBiBpBiv 7Q` :..b U#H+FV M/ E..b U`2/V 7Q` 2+? bi;2 M/ r?QH2@b2bQM pH@
m2b- r?2`2 bT+BM; HQM; i?2 t@tBb Bb Tm`2Hv 7Q` pBbmH Tm`TQb2bX o2`iB+H #`b BM/B+i2 i?2 N8W
+QM}/2M+2 H2p2H- M/ `2 Q#iBM2/ i?`Qm;?  #QQibi`TTBM; T`Q+2/m`2 r?2`2 /i Bb `2bKTH2/ i
i?2 +QmMiv H2p2H ++Q`/BM; iQ v2`X h?Bb TT`Q+? bbmK2b i?i +QmMiv@H2p2H /i Bb BM/2T2M/2MiX
U#V AM Q`/2` iQ ++QmMi 7Q` bTiBH /2T2M/2M+2- mM+2`iBMiB2b `2 HbQ 2biBKi2/ mbBM;  #HQ+F@
#QQibi`T T`Q+2/m`2 r?2`2 vB2H/b `2 `2bKTH2/ ++Q`/BM; iQ v2` i i?2 bii2 H2p2HX AM i?Bb +b2-
i?2`2 `2 72r2` /2;`22b Q7 7`22/QK T2`KBii2/ 7Q` 2biBKiBQM- H2/BM; iQ H`;2` p`BM+2 BM i?2 `2@
bmHiX +imH mM+2`iBMiB2b `2 2tT2+i2/ iQ `2bB/2 #2ir22M i?2b2 irQ 2M/@K2K#2` +b2bX LQi2 i?i
BM 2Bi?2` +b2 i?2 2`Hv M/ Hi2 ;`BM }HHBM; T?b2b ě r?B+? r2 7Q+mb QM ě ?p2 i?2 KQbi +H2`Hv
/BbiBM+i E.. M/ :.. b2MbBiBpBiv 2biBKi2bX :6 BM/B+i2b i?2 ;`BM }HHBM; bi;2bX
9R
kX9 _2bmHib
1+? T?b2 Q7 /2p2HQTK2Mi `2T`2b2Mib  mMB[m2 T2`BQ/ Q7 i?2 KBx2 THMiǶb T?2MQHQ;B+H
+v+H2 M/ 2MiBHb  /Bz2`2Mi `2bTQMb2 iQ 2MpB`QMK2MiH +QM/BiBQMbX h?2 Qp2`HH HB72 +v+H2
Bb /BpB/2/ #2ir22M p2;2iiBp2 M/ `2T`Q/m+iBp2 T?b2b- rBi? `Qm;?Hv ?H7 Q7 2+? ;`QrBM;
b2bQM bT2Mi BM 2+?X .m`BM; i?2 p2;2iiBp2 T?b2  b22/HBM; 2tTM/b Bib bm`7+2 `2
M/ i?2 H27 `2 BM/2t Q7 i?2 THMi Bb b2i- BM~m2M+BM; i?2 KQmMi Q7 `/BiBQM i?i +M
#2 BMi2`+2Ti2/ Qp2` i?2 `2KBM/2` Q7 Bib HB72+v+H2R-ReX a2MbBiBpBiv iQ #Qi? E..b M/
:..b `2 HQr `2HiBp2 iQ Qi?2` bi;2b Ub22 6B;X kXj M/ h#H2 kXRV- i?Qm;? h2tb b?Qrb
T`QMQmM+2/ b2MbBiBpBiv iQ E..b i @yXyRd (Uif?VfU◦* /vV) UN8W +XBX @yXyRN iQ @yXyReV-
TQbbB#Hv #2+mb2 Qp2`HH ?Qii2` i2KT2`im`2b KF2 b22/HBM;b T`iB+mH`Hv pmHM2`#H2ejX
h?2 2`Hv ;`BM }HHBM; T?b2- b /2}M2/ ?2`2- #2;BMb rBi? i?2 2K2`;2M+2 Q7 bBHFb 7`QK
i?2 2M/b Q7 i?2 2`b M/ #2;BMb i?2 `2T`Q/m+iBp2 TQ`iBQM Q7 i?2 THMibǶ HB72 +v+H2X b ?b
HQM; #22M `2+Q;MBx2/R9N-j8- vB2H/b `2 ?B;?Hv bmb+2TiB#H2 iQ 2H2pi2/ i2KT2`im`2b /m`BM;
bBHFBM; M/ 2`Hv ;`BM }HHBM;ee-RRe-Rj3-38-eR-3jX AM/22/- r2 }M/ i?i p2`;2 b2MbBiBpBiv
iQ E..b +`Qbb bii2b /m`BM; i?Bb T?b2 Bb  7+iQ` Q7 7Qm` ;`2i2` i?M /m`BM; i?2
p2;2iiBp2 T?b2 i @yXyk8 (Uif?VfU◦* /vV) UN8W +XBX @yXyk9 iQ @yXykeVX a2MbBiBpBiv
iQ ?B;? i2KT2`im`2b `2bmHib 7`QK /K;2 iQ bBHFb M/ 72r2` F2`M2Hb #2BM; 72`iBHBx2/ Q`
Qi?2` 7+iQ`b BM~m2M+BM; F2`M2H pB#BHBiv9-kk-jk-kNX h?Bb T?b2 HbQ ++QmMib 7Q` #Qmi
kyW Q7 }MH F2`M2H /`v KbbR M/- i?2`27Q`2- 2MiBHb `2bTQMb2b bBKBH` iQ i?Qb2 7QmM/
/m`BM; Hi2 ;`BM }HHBM;- /Bb+mbb2/ #2HQrX
Gi2 ;`BM }HHBM; Bb i?2 +QK#BMiBQM Q7 i?2 /Qm;?BM; M/ /2Mi2/ bi;2b- M/ Bb r?2M
i?2 KDQ`Biv Q7 T?QiQbvMi?i2 M/ +`#QM `2b2`p2b `2 i`Mb72``2/ BMiQ i?2 ;`QrBM; F2`@
M2HbX i i?Bb TQBMi- vB2H/ /K;2b `2 ;2M2`HHv  `2bmHi Q7 HQr2` }MH F2`M2H Kbb `i?2`
i?M HQr2` iQiH F2`M2H MmK#2`X >B;? i2KT2`im`2b `2 FMQrM iQ /B`2+iHv `2/m+2 F2`M2H
9k
aii2 o2;X(:) 1:6(:) G:6(:) .`vX(:) o2;X(E) 1:6X(E) G:6(E) .`vX(E) qa(:) qa(E)
:2Q`;B kX8 RXe kXj @RXj @eX9 @NXR @NXe kXd RXe @dX3
AHHBMQBb yXy @RX8 jXe 3Xd RXy @9d @kXk @3X3 9XN @R9
AM/BM @kX3 9XR kXj dXe @Ry @9R kXR @Ry 9Xe @R8
AQr RXy @Ry Rj 9Xk @yX8 @R9 @ky @R3 eX8 @Rj
EMbb @RXe dX8 eXR 8XR @8Xd @R3 @Rj Rk kX3 @NXe
E2Mim+Fv RX3 NX8 jX3 8Xe @jXR @j9 RXy @NXd jXd @Ry
JB+?B;M @9Xk eXd NX8 RXe @RXk @j8 @ky k9 jXN @Rj
JBMM2bQi RXy jX9 R8 9Xd @RX3 @R3 @j3 Re eX3 @Rj
JBbbQm`B kX9 RR eXy 8Xd kXe @9k @8Xd @8X8 8X8 @Rk
L2#`bF @yXe RR Ry kXk @9Xe @k8 @jX8 @Re eXR @RR
LQ`i? *`QHBM @kXk jX8 kXd kXR @Rj @kR @RR @kXk y @Rk
P?BQ @RXe @jXy jX3 eXR @dXj @ke @ky j9 jXe @R8
S2MMbvHpMB kX9 NX9 RXy 3XN @NXN @jR @ky Rd 8Xj @R3
aQmi? .FQi jX9 @yXe 8X8 3Xj @3XR @RR @RN dXj 8Xd @RR
h2tb jXk @kXe @eXy @yXN @Rd yX8 8Xd @eXe @jXR @9Xe
qBb+QMbBM @kXy 8Xy NX9 8Xy @RXd @kd @9N 8d 8X3 @Rd
h#H2 kXR, uB2H/ b2MbBiBpBiv iQ ;`QrBM; /2;`22 /vb (:) M/ FBHHBM; /2;`22 /vb (E) #`QF2M /QrM #v
;`Qri? T?b2, o2;X 7Q` o2;2iiBp2- 1:6 7Q` 1`Hv :`BM 6BHHBM;- G:6 7Q` Gi2 :`BM 6BHHBM;- .`vX 7Q`
.`v/QrM- M/ Qp2` i?2 r?QH2 ;`QrBM; b2bQM (qa)X lMBib `2 UF;f?VfU◦* /vVX
KbbdR-R9d- +QMbBbi2Mi rBi? i?2 ?B;? b2MbBiBpBiv r2 }M/X AM //BiBQM- ?B;? i2KT2`im`2b
+M H2/ iQ ++2H2`iBQM i?`Qm;? i?2 ;`Qri? T?b2- `2/m+BM; i?2 iQiH MmK#2` Q7 /vb
Q7 ;`BM }HHBM; M/ HQr2`BM; F2`M2H Kbbkd-R9-9e-e-R8N-Rye-RedX PM p2`;2- vB2H/ b2MbBiBpBiv
/m`BM; Hi2 ;`BM }HHBM; Bb bKHH2` i?M /m`BM; 2`Hv ;`BM }HHBM;- rBi? K2M HQbb2b 7`QK
E..b Q7 @yXyR9 (Uif?VfU◦* /vV) UN8W +XBX @yXyRj iQ @yXyR8VX qBb+QMbBM ?b i?2 ;`2i@
2bi b2MbBiBpBiv rBi? @yXy8 (Uif?VfU◦* /vV) UN8W +XBX @yXy9 iQ @yXyeV HQbb2b M/ h2tb Bb
9j
i?2 H2bi pmHM2`#H2 iQ E..b i yXyye (Uif?VfU◦* /vV) UN8W +XBX yXyy9 iQ yXyy3VX
qBi? `2;`/ iQ :..b /m`BM; Hi2 ;`BM }HHBM;- i?2 ;`2i2bi BM+`2b2 BM vB2H/ Q++m`b BM
JBMM2bQi /m`BM; i?Bb T?b2 rBi? pHm2b Q7 yXyR8 (Uif?VfU◦* /vV) UN8W +XBX yXyR9 iQ
yXyReVX h?2 K2M BM+`2b2 Bb yXyy88 (Uif?VfU◦* /vV) UN8W +XBX yXyy8 iQ yXyyeV- +QMbBb@
i2Mi rBi? +mHiBp`b i?i `2 #H2 iQ iF2 /pMi;2 Q7 ;`2i2` ++mKmHiBQM Q7 KQ/2`i2
i2KT2`im`2b M/ HQM;2` T2`BQ/ Q7 `/BiBQM BMi2`+2TiBQM ?pBM;  ?B;?2` vB2H/dR-kd-NyX
h?2 7+i i?i h2tb ?b  TQbBiBp2 Hi2 ;`BM }HHBM; E.. b2MbBiBpBiv 2biBKi2 M/ 
M2;iBp2 :.. b2MbBiBpBiv Kv #2 #2+mb2 +QHHBM2`Biv Q7 i?2 T`2/B+iQ`b +QM7QmM/b bQK2
Q7 i?2 `2bmHib- bBKBH` iQ AQrǶb M2;iBp2 :.. b2MbBiBpBiv /m`BM; 2`Hv ;`BM }HHBM;X
LQi2 i?i r?BH2 ?B;? E..b b?Q`i2M i?2 /m`iBQM Q7 ;`BM }HHBM;- i?2 iQiH ++mKmHi2/
:..b `2 ;2M2`HHv ?B;?2` BM v2`b rBi? ?B;?2` E..b- +QMbBbi2Mi rBi? T`2pBQmb rQ`F
QM /2p2HQTK2Mi mM/2` ?Qii2` +QM/BiBQMbRedX
h?2 2M/ Q7 i?2 THMiǶb HB72 +v+H2 Bb i?2 /`v/QrM T?b2- r?2M i?2 THMi +2b2b iQ
T?QiQbvMi?2bBx2 M/ F2`M2Hb HQb2 ri2`- ;2M2`HHv /`vBM; 7`QK Dmbi Qp2` jyW KQBbim`2 iQ
#Qmi kyW KQBbim`2 r?2M `2/v 7Q` ?`p2biX a2MbBiBpBiv T`K2i2`b BM/B+i2  TQbBiBp2
2z2+i 7`QK E..b BM KMv MQ`i?2`M bii2b- TQbbB#Hv #2+mb2 BMbm{+B2Mi /`v/QrM Bb KQbi
T`Q##H2 i?2`2- rBi? +QMb2[m2M+2b 7Q` pmHM2`#BHBiv iQ T2bib- KQH/- Q` Qi?2` T`2@?`p2bi
HQbb2bX aiiBbiB+H bim/B2b BM+Hm/BM; #mi MQi BM/2T2M/2MiHv `2bQHpBM; i?2 /`v/QrM T?b2
T`2bmK#Hv +QM~i2 i?2 TQbBiBp2 2z2+ib Q7 E..b /m`BM; /`v/QrM rBi? M2;iBp2 2z2+ib
/m`BM; ;`BM /2p2HQTK2MiX aQK2 bii2b BM i?2 2bi2`M +Q`M #2Hi biBHH BM/B+i2 bi`QM; :..
b2MbBiBpBiv /m`BM; i?2 /`v/QrM T?b2 TQbbB#Hv #2+mb2 i?2 Hi2 ;`BM }HHBM; BMi2`pH BM
i?2 la. /i 2ti2M/b BMiQ i?2 /`v/QrM T?b2- Q` i?i i?2 ?B;?2` :..b THv  bBKBH`
`QH2 iQ E..b BM T`QKQiBM; /`vBM;X HiQ;2i?2`- i?2b2 `2bmHib ?B;?HB;?i i?2 p`B#BHBiv Q7
i?2 i2KT2`im`2 `2bTQMb2 ++Q`/BM; iQ /2p2HQTK2MiH T?b2X
Ai Bb mb27mH iQ KF2  /B`2+i +QKT`BbQM #2ir22M r?QH2@b2bQM b2MbBiBpBiv M/ i?2
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T?b2@#b2/ b2MbBiBpBiv 2biBKi2bX q?QH2 b2bQM b2MbBiBpBiv BKTHB+BiHv bmKb Qp2` i?2
T`Q/m+i Q7 i?2 /Bbi`B#miBQM Q7 E..b UQ` :..bV M/ b2MbBiBpBiv i?`Qm;?Qmi i?2 ;`QrBM;
b2bQMX  /2p2HQTK2Mi T?b2 i?i rb ?B;?Hv b2MbBiBp2 #mi 2tT2`B2M+2/ MQ E..b- 7Q`
2tKTH2- rQmH/ MQi +QMi`B#mi2 iQ r?QH2@b2bQM E.. b2MbBiBpBivX h?mb- BM Q`/2` iQ
T`QpB/2  /B`2+i +QKT`BbQM Q7 r?QH2@b2bQM b2MbBiBpBiv iQ T?b2@#b2/ b2MbBiBpBiv- r2
r2B;?i 2+? T?b2 ++Q`/BM; iQ i?2 7`+iBQM Q7 E..b i?i Bi ++QmMib 7Q` M/ 2biBKi2
i?2 bHQT2 #2ir22M i?2 irQ K2bm`2bX aHQT2 Bb 2biBKi2/ mbBM;  uQ`F }iRdy- r?B+? ?b
i?2 /pMi;2 Q7 ++QmMiBM; 7Q` mM+2`iBMiB2b BM #Qi? i?2 Q`/BMi2 M/ #b+BbbX
h?2 #2bi@2biBKi2 bHQT2 #2ir22M r2B;?i2/ /`v/QrM@T?b2 E.. b2MbBiBpBiv M/ r?QH2@
b2bQM E.. b2MbBiBpBiv Bb r2F M/ M2;iBp2 i @yXR UN8W +XBX- @yXk iQ yXRV- +QMbBbi2Mi
rBi? i?2 7Q`2;QBM; /Bb+mbbBQM i?i E..b +M #2 #2M2}+BH 7Q` /`v/QrM BM i?2 KQbi
LQ`i?2`M bii2b- r?2`2b i?2v `2 ivTB+HHv /2i`BK2MiH /m`BM; Qi?2` ;`Qri? T?b2bX
h?2 bHQT2 7Q` i?2 p2;2iiBp2 T?b2 Bb HbQ M2;iBp2 M/ r2F i @yXk- b r2HH b mM+2`iBM
UN8W +XBX- @yX8 iQ RXRV- +QMbBbi2Mi rBi? ;2M2`HHv HQr E.. b2MbBiBpBiv /m`BM; i?Bb T?b2X
P7 ;`2i2` T2`iBM2M+2 Bb i?i i?2 bHQT2 #2ir22M E.. b2MbBiBpBiv 7Q` r?QH2 b2bQM M/
2`Hv ;`BM }HH Bb RXR UN8W +XBX- yX8 iQ kX3V- BM/B+iBM; i?i i?2 bTiBH p`BiBQM Q#b2`p2/
Qp2` i?2 r?QH2 b2bQM `2 bm#biMiBHHv /2i2`KBM2/ #v p`BiBQMb BM 2`Hv ;`BM }HHBM;
U6B;X kX8VX aBKBH`Hv- i?2 bHQT2 rBi? Hi2 ;`BM }HH Bb yXe UN8W +XBX- @RXk iQ RXdV BM/B+iBM;
 7m`i?2` +Q``2bTQM/2M+2 U6B;X kX8VX hQ;2i?2`- i?2 ;`BM }HHBM; T?b2b Q7 /2p2HQTK2Mi
++QmMi 7Q` i?2 Q#b2`p2/ Tii2`M Q7 b2MbBiBpBiv iQ E..- M/ `2 i?2 7Q+mb Q7 ii2MiBQM
?2`27i2`X
h?2 2biBKi2/ bTiBH p`BiBQMb BM ;`BM }HHBM; b2MbBiBpBiv `2 +QMbBbi2Mi rBi? }2H/
i`BHb r?2`2 i?2 `2bTQMb2b Q7 i2KT2`i2 M/ i`QTB+H KBx2 iQ ?2i 2tTQbm`2 r2`2 2t@
KBM2/ T`BQ` iQ M/ i?`Qm;? 2`Hv `2T`Q/m+iBp2 /2p2HQTK2MiRkdX AM i?2b2 i`BHb- r2HH@
ri2`2/ i2KT2`i2 M/ i`QTB+H p`B2iB2b ;p2 bBKBH` vB2H/b mM/2` MQ`KH i2KT2`im`2
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Whole Season KDD Sensitivity [(t/ha)/(°C day)]
a)













































Whole Season KDD Sensitivity [(t/ha)/(°C day)]
b)
6B;m`2 kX8, _2HiBQMb?BT #2ir22M ;`BM }HHBM; b2MbBiBpBiv M/ r?QH2 b2bQM b2MbBiBpBiv iQ
E..bX h?2 `2/ +`Qbb2b bbQ+Bi2/ rBi? 2+? bii2 `2 i?2 `2bT2+iBp2 N8W +QM}/2M+2 BMi2`pHb 7Q`
i?2 b2MbBiBpBiv 2biBKi2bX V h?2 _2 #2ir22M r2B;?i2/ 2`Hv ;`BM }HHBM; M/ r?QH2 b2bQM E..
b2MbBiBpBiv Bb yXjd M/ i?2 uQ`F }i bHQT2 Bb M2`Hv RXRX #V h?2 _2 #2ir22M r2B;?i2/ Hi2 ;`BM }HHBM;
M/ r?QH2 b2bQM E.. b2MbBiBpBiv Bb yXkd M/ i?2 uQ`F }i bHQT2 Bb yXeRX h?Bb BM/B+i2b i?i p`B@
iBQMb BM #Qi? ;`BM }HHBM; b2MbBiBpBiB2b `2- QM i?2 r?QH2- M BKTQ`iMi /`Bp2` Q7 i?2 2MiB`2 p`BiBQM
BM r?QH2 b2bQM b2MbBiBpBivX
+QM/BiBQMb- #mi r?2M 2tTQb2/ iQ ?B;?2` i2KT2`im`2b /m`BM; r?i rb HBF2Hv i?2 Hi2
#HBbi2`- KBHFBM;- M/ /Qm;?BM; bi;2b- i?2 i2KT2`i2 p`B2iB2b `2bTQM/2/ #v ++2H2`i@
BM; i?`Qm;? ;`BM }HHBM; M/ ?pBM; H`;2` vB2H/ `2/m+iBQMbX aT2+B}+HHv- i2KT2`i2
p`B2iB2b b?Qr2/  kR /v /2+`2b2 BM i?2 /m`iBQM Q7 i?2 `2T`Q/m+iBp2 T2`BQ/ b  +QM@
b2[m2M+2 Q7 ?2iBM;- +QKT`2/ iQ  }p2 /v /2+`2b2 BM i`QTB+H ?v#`B/b M/ MQ /2+`2b2
BM i2KT2`i2@i`QTB+H ?v#`B/bX 6m`i?2`KQ`2- i2KT2`i2 p`B2iB2b ?/  ;`2i2` /2+HBM2
BM +QMp2`bBQM Q7 `/BiBQM iQ #BQKbb r?2M 2tTQb2/ iQ ?B;?2` i2KT2`im`2b /m`BM; 2`Hv
;`BM }HHBM;X
h?2 la. /2p2HQTK2Mi /i T2`KBib 7Q` M 2tKBMiBQM Q7 +?M;2b BM i?2 /m`iBQM
Q7 ;`BM }HHBM; BM `2bTQMb2 iQ ?B;? i2KT2`im`2b +`Qbb i?2 1bi2`M laX q2 }M/ i?i
i?2 /m`iBQMH `2bTQMb2 iQ E..b +HQb2Hv 7QHHQrb i?2 MmK#2` Q7 E..b 2tT2`B2M+2/ BM
 ;Bp2M bii2X aii2b r?Qb2 +HBKiQHQ;B+H p2`;2 E..b /m`BM; 2`Hv ;`BM }HHBM; `2
9e
aii2 o2;X(:) 1:6(:) G:6(:) .`vX(:) o2;X(E) 1:6(E) G:6(E) .`vX(E) qa(:) qa(E)
:2Q`;B 3Ny 9yy 88y k3y RRy Ryy Rjy 9y kRky j3y
AHHBMQBb d3y jRy 93y kjy ey 9y 8y Ry R3yy Rey
AM/BM dNy jyy 9ey k9y ey jy 9y Ry Rd3y R9y
AQr 3yy jjy jjy kky 8y jy ky Ry Redy RRy
EMbb 3ey j8y 9Ny k8y Ny 3y RRy jy RN9y jRy
E2Mim+Fv 39y jdy 99y kdy 3y dy dy ky RNky k9y
JB+?B;M djy jky jRy R8y jy ky Ry y R8yy ey
JBMM2bQi djy jjy jRy R9y 9y ky Ry y R8ky 3y
JBbbQm`B 3yy jyy 93y k8y ey 8y 3y ky R39y kRy
L2#`bF 38y jRy 9Ny kRy Ny 8y ey Ry R3dy kky
LQ`i? *`QHBM 3dy jey 8ky j9y 3y dy Ny jy kyNy key
P?BQ d3y kdy 9ey RNy 8y ky ky y Rdyy Ryy
S2MMbvHpMB 3yy kNy 9Ry Rey ey jy ky y Re8y RRy
aQmi? .FQi dNy k9y j9y Rdy dy jy jy Ry R89y R8y
h2tb Ry3y 9Ry eyy kdy Rdy Rjy kRy 3y kj8y 8Ny
qBb+QMbBM d9y k3y jRy R9y jy Ry Ry y R9dy ey
h#H2 kXk, h?2 THMiBM; `2 r2B;?i2/ K2M ;`QrBM; (:) M/ FBHHBM; (E) /2;`22 /vb BM 2+? bii2
M/ ;`QrBM; T?b2, o2;X 7Q` o2;2iiBp2- 1:6 7Q` 1`Hv :`BM 6BHHBM;- G:6 7Q` Gi2 :`BM 6BHHBM;-
.`vX 7Q` .`v/QrMX b r2HH b bmKK2/ Qp2` i?2 r?QH2 b2bQM (qa)X HH pHm2b `2 BM mMBib Q7 U◦*
/vV M/ `QmM/2/ iQ i?2 M2`2bi i2MX
#2HQr i?2 K2/BM U<jd E..b 7Q` JA- qA- JL- S- A- P>- a.- M/ ALV b?Qr M
p2`;2 /2+`2b2 BM i?2 /m`iBQM Q7 2`Hv ;`BM }HHBM; #v yXy9 /vb T2` E..X aii2b
+Hmbi2`2/ BM i?2 i?B`/ [m`iBH2 Q7 2tTQbm`2 iQ E..b U37 < KDD < 66c AG- L1- Eu- M/
JPV b?Qr  b?Q`i2MBM; Q7 i?2 2`Hv ;`BM }HHBM; T?b2 #v yXyR /vb T2` E..X M/ i?`22
Qmi Q7 7Qm` bii2b BM i?2 mTT2` [m`iBH2 U>ee E..bc L*- :- hs- #mi MQi EaV b?Qr
i?2 QTTQbBi2 bB;M Q7 `2bTQMb2- QM p2`;2 +`Qbb i?2 7Qm` bii2b- BM+`2bBM; i?2 /m`iBQM
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Q7 2`Hv ;`BM }HHBM; #v yXyN /vb T2` E.. U6B;X kXeVX aBKBH` iQ 2`Hv ;`BM }HHBM;-
Hi2 ;`BM }HHBM; i i?2 HQr 2M/ Q7 i?2 E.. +HBKiQHQ;v b?Qrb M p2`;2 /2+`2b2 BM
/m`iBQM Q7 yXRk /vb T2` E..U<8y E..bVc i?Qb2 i i?2 KB/@`M;2 U50 < KDD < 85V
b?Qr  r2F2` /2+`2b2 i yXye /vb T2` E..- M/ i?Qb2 i i?2 ?B;?2bi `M;2 U>38
E..bV b?Qr M BM+`2b2 BM /m`iBQM Q7 yXy9 /vb T2` E.. U6B;X kXe#VX Hi?Qm;? i?2
+HBKiQHQ;B+H pHm2b Q7 E..b /Bz2` #2ir22M 2`Hv M/ Hi2 ;`BM }HHBM;- i?2 bK2 bii2b
`2 F2Ti BM 2+? +HBKiQHQ;B+H +i2;Q`vX











































































6B;m`2 kXe, _2HiBQMb?BT #2ir22M FBHHBM; /2;`22 /vb M/ /m`iBQM Q7 ;`BM }HHBM;X LQ`i?@
2`M bii2b b?Qr  /2+`2b2 BM i?2 /m`iBQM Q7 #Qi? UV 2`Hv ;`BM }HHBM; M/ U#V Hi2 ;`BM }HHBM; BM
b2bQMb rBi? ;`2i2` E..b- r?2`2b aQmi?2`M bii2b b?Qr M BM+`2b2 BM /m`iBQMX h?2b2 `2;BQMH
p`BiBQMb BM /m`iBQM Kv `2T`2b2Mi  T?vbBQHQ;B+H i`Bi BKTQ`iMi BM /2i2`KBMBM; /Bz2`2MiBH b2M@
bBiBpBiB2b iQ E..bX 6Q` `2/#BHBiv- i?2 t2b 7Q` 2`Hv ;`BM }HHBM; i`mM+i2 i?2 KQbi 2ti`2K2 pHm2b
7Q` :2Q`;B- h2tb- M/ LQ`i? *`QHBM
*?M;2b BM i?2 /m`iBQM Q7 ;`BM }HHBM; `2 T`BK`BHv bbQ+Bi2/ rBi? BMi2`MMmH
p`B#BHBiv- b QTTQb2/ iQ HQM; i2`K i`2M/bX h?2 /2i`2M/2/ H2M;i? Q7 2`Hv ;`BM }HHBM;
?b M p2`;2 biM/`/ /2pBiBQM +`Qbb bii2b Q7 j /vb- r?2`2b i?2 p2`;2 i`2M/ Bb
iQr`/ H2M;i?2MBM; i yXRe /vbfv2`X aBKBH`Hv- Hi2 ;`BM }HHBM; p`B2b #v M2`Hv 9 /vb
M/ ?b  H2M;i?2MBM; i`2M/ Q7 QMHv yXy8 /vbfv2`X aiM/`/ /2pBiBQMb `2 bBKBH`Hv
H`;2` i?M i`2M/b BM Dmbi i?2 i?`22 aQmi?2`M bii2b rBi? 2HQM;i2/ ;`BM }HHBM; T?b2b
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/m`BM; ?Qii2` b2bQMbX h?2b2 `2bmHib bi`QM;Hv bm;;2bi i?i bi2/v i2+?MQHQ;B+H +?M;2b
`2 MQi i?2 bQm`+2 Q7 i?2 E..@/m`iBQM `2HiBQMb?BT- M/ `2 +QMbBbi2Mi rBi? p`BiBQMb
BM i?2 /m`iBQM Q7 ;`BM }HHBM; b 72im`2b Q7 ;Bp2M +mHiBp`bX
h?2 p`BiBQMb Q7 ;`BM }HHBM; /m`iBQM b  `2bTQMb2 iQ ?B;? i2KT2`im`2b 7QmM/ ?2`2
;2M2`HHv ++Q`/ rBi? i?2 7Q`2K2MiBQM2/ }2H/ i`BH `2bmHibRkd- T`2bmKBM; i?i ?v#`B/b BM
i?2 aQmi? `2 KQbi bBKBH` iQ i?Qb2 Q7 i`QTB+H Q` i2KT2`i2@i`QTB+H Q`B;BMX h?i #Qi?
2`Hv M/ Hi2 ;`BM }HHBM; T?b2b BM/B+i2 bBKBH` Tii2`Mb rBi? `2bT2+i iQ +HBKiQHQ;B+H
E..b HbQ bm;;2bib i?i i?2b2 `2bmHib `2 `Q#mbiX *QK#BMBM; 2`Hv M/ Hi2 ;`BM }HHBM;
BMiQ  bBM;H2 T?b2 ;Bp2b  bBKBH` `2bmHi #mi rBi? bKHH2` 7`+iBQMH +?M;2b BM /m`iBQM
#2+mb2 ?B;? E..b /Q MQi ;2M2`HHv T2`bBbi 2[mHHv +`Qbb i?2 2`Hv M/ Hi2 T?b2bX
kX8 .Bb+mbbBQM M/ *QM+HmbBQM
GQM;2` ;`BM }HHBM; rBi? ?Qii2` i2KT2`im`2b +M #2 bbQ+Bi2/ rBi? HQr2` b2MbBiBpBiv
iQ ?B;? i2KT2`im`2b QM ++QmMi Q7 Tii2`M +Q``2bTQM/2M+2 #2ir22M ++2H2`iBQM M/
b2MbBiBpBiv +`Qbb i?2 la- bBKBH` `2bTQMb2b b22M BM }2H/ i`BHb- M/ QM i?2 T?vbBQHQ;@
B+H #bBb Q7 HQM;2` /m`iBQM H2/BM; iQ ;`2i2` F2`M2H Kbb- bQ HQM; b +`QTb `2KBM
/2[mi2Hv ri2`2/9R-RkdX h?2 T?vbBQHQ;B+H Ti?rv #v r?B+? i2KT2`im`2 p`BiBQM
BM~m2M+2b i?2 iBKBM; Q7 i?2 i`MbBiBQM Qmi Q7 ;`BM }HHBM; Bb mM+H2`- i?Qm;? 2pB/2M+2
7Q` i?2 `QH2 Q7 `2+?BM;  +`BiB+H KQBbim`2 +QMi2Mi88 bm;;2bib i?i BM+`2b2/ /`vBM; b@
bQ+Bi2/ rBi? ?B;?2` i2KT2`im`2b M/ ?B;?2` pTQ` T`2bbm`2 /2}+Bib rQmH/ H2/ iQ M
2`HB2` i`MbBiBQM- b Q#b2`p2/ BM i?2 LQ`i?X _2}MBM; Qm` mM/2`biM/BM; Q7 ?Qr i2KT2`@
im`2 BM~m2M+2b ;`BM }HHBM; /m`iBQM- 2bT2+BHHv BM i?2 aQmi? M/ BM i`QTB+H p`B2iB2b-
Kv H2/ iQ  #2ii2` mM/2`biM/BM; Q7 ?Qr iQ `2/m+2 /K;2b 7`QK  ?Qii2` +HBKi2X
*Q``2bTQM/2M+2 #2ir22M E.. b2MbBiBpBiv M/ +HBKiQHQ;v Qp2` i?2 r?QH2 b2bQM rb
9N
B/2MiB}2/ BM M 2`HB2` bim/v M/ Qz2`2/ b  #bBb 7Q` BM72``BM; i?2 /Ti#BHBiv Q7
+mHiBp`b iQ ?B;?2` i2KT2`im`2bR3X h?2 bbQ+BiBQM Q7 vB2H/ b2MbBiBpBiv iQ E..b M/
p`BiBQMb BM ;`BM }HHBM; /m`iBQM /Q+mK2Mi2/ ?2`2 UHbQ b22 6B;X kXdV T`QpB/2b  KQ`2
T?vbBQHQ;B+HHv #b2/ T2`bT2+iBp2 QM Tii2`Mb Q7 E.. b2MbBiBpBivX M BKTQ`iMi [m2b@
iBQM- ?Qr2p2`- Bb r?v ?b  KQ/B}+iBQM bm+? b BM+`2bBM; i?2 /m`iBQM Q7 ;`BM }HHBM; BM
`2bTQMb2 iQ ?B;?2` i2KT2`im`2 MQi v2i #22M BMi`Q/m+2/ BMiQ LQ`i?2`M bii2b B7 Bi `2/m+2b
vB2H/ HQbb2b\ JQ`2 ;2M2`H p2`bBQMb Q7 i?Bb [m2biBQM ?p2 #22M `Bb2/ 2Hb2r?2`2R9k- M/
QM2 TQbbB#BHBiv Bb i?i bm+?  KQ/B}+iBQM QMHv #2+QK2b T?vbBQHQ;B+HHv 72bB#H2 mM/2`
r`K2` +QM/BiBQMb- TQbbB#Hv #2+mb2 Q7  HQM;2` ;`QrBM; b2bQMRN-RReX AM i?Bb bT2+mH@
iBp2 +b2- H2M;i?2MBM; Q7 ;`BM }HH /m`iBQM BM `2bTQMb2 iQ ?B;?2` i2KT2`im`2b rQmH/
+QMbiBimi2  +HBKi2 +?M;2 /TiiBQM BM i?2 b2Mb2 `iB+mHi2/ #vdNX h?2 [m2biBQM `2@
KBMb- Q7 +Qm`b2- b iQ r?2i?2` 2HQM;i2/ /m`iBQM Q7 aQmi?2`M ;`BM }HHBM; rQmH/ #2
i`Mb72``#H2 iQ LQ`i?2`M +mHiBp`b mM/2` +QM/BiBQMb Q7  r`KBM; +HBKi2 M/ r?2i?2`
Bi rQmH/ T`Qp2 2z2+iBp2 BM KBiB;iBM; vB2H/ HQbb2b i?i rQmH/ Qi?2`rBb2 ++`m2X
"mBH/BM; 7`QK T`2pBQmb +QMi`QHH2/ }2H/@b+H2 bim/B2b Q7 vB2H/ HQbb BM i?2 T`2b2M+2 Q7
Hi2`2/ i2KT2`im`2Rkd-Rke TT2`b mb27mH 7Q` 7m`i?2`BM; Qm` mM/2`biM/BM; Q7 TQi2MiBH
/TiiBQM iQ +HBKi2 +?M;2X 6B2H/ i`BHb +QmH/ #2 +QM/m+i2/ iQ /2i2`KBM2 r?2i?2`
aQmi?2`M p`B2iB2b +QmH/ #2 /pMi;2QmbHv ;`QrM i LQ`i?2`M HiBim/2b mM/2` ?B;?2`
i2KT2`im`2b- Q`- KQ`2 2H#Q`i2Hv- LQ`i?2`M +mHiBp`b +QmH/ #2 bBKBH`Hv i2bi2/ 7i2`
#`22/BM; 7Q` HQM;2` /m`iBQM Q7 ;`BM }HH BM `2bTQMb2 iQ ?B;?2` i2KT2`im`2bX
h?2 `BbFb TQb2/ #v +HBKi2 +?M;2 7Q` ;`B+mHim`H T`Q/m+iBQM `2KBM mM+2`iBM- b
?B;?HB;?i2/ #v i?2 7+i i?i i?2 6Qm`i? AMi2`;Qp2`MK2MiH SM2H QM *HBKi2 *?M;2
bb2bbK2Mi _2TQ`i9j bm;;2bi2/ M Qp2`HH BM+`2b2b BM i2KT2`i2 KBx2 T`Q/m+iBQM mM@
/2` +QM/BiBQMb Q7 KQ/2`i2 r`KBM; rBi? /TiiBQM- r?2`2b i?2 KQbi `2+2Mi 6B7i?
bb2bbK2Mi _2TQ`iRkR bm;;2bi2/ HQbb2bX h?Bb p`B#BHBiv TT2`b iQ `2bmHi 7`QK i?2 2M@
8y




























































































6B;m`2 kXd, _2HiBQMb?BT #2ir22M E.. b2MbBiBpBiv M/ /m`iBQM Q7 ;`BM }HHBM; o2`iB+H `2/
HBM2b `2 i?2 N8W +QM}/2M+2 BMi2`pH bbQ+Bi2/ rBi? 2+? b2MbBiBpBivX V h?2 `2HiBQMb?BT #2ir22M
2`Hv ;`BM }HHBM; `i2 T2` E.. M/ b2MbBiBpBiv T`QpB/2b bQK2 BM/B+iBQM Q7 /TiiBQM- #mi i?2 }i
Bb MQi T`iB+mH`Hv bi`QM;- rBi? M _2 Q7 yXRX #V h?2 `2HiBQMb?BT #2ir22M Hi2 ;`BM }HHBM; `i2 T2`
E.. M/ b2MbBiBpBiv T`QpB/2b 7m`i?2` 2pB/2M+2 Q7  T?vbBQHQ;B+H #bBb 7Q` HiBim/BMH /TiiBQMX
h?2 HBM2` }i- BM #Hm2- }ib i?2 /i rBi? M _2 Q7 yXjeX
b2K#H2 Q7 pBH#H2 bim/B2b ?pBM; bm#biMiBH bT`2/- M/ i?i bm#iH2 b?B7ib BM KQ/2HBM;
7`K2rQ`Fb +M ?p2 bB;MB}+Mi BM~m2M+2b QM BM/BpB/mH `2bmHibX Ai Bb bm;;2bi2/ i?i
BM+`2bBM; i?2 T?vbBQHQ;B+H BMi2`T`2i#BHBiv Q7 bBKTH2 biiBbiB+H KQ/2Hb mb2/ iQ 2tTHQ`2
H`;2@b+H2 +?M;2b BM T`Q/m+iBQM Kv ?2HT iQ `2/m+2 bQK2 Q7 i?Bb K#B;mBiv i?`Qm;?
#2ii2` #`B/;BM; i?2B` `2bmHib rBi? KQ`2 +QKTH2i2 ;`B+mHim`H KQ/2HbRjk M/ 7+BHBiiBM;
i2biBM; Q7 `2bmHib ;BMbi }2H/@b+H2 i`BHbX
kXe amTTH2K2MiH JQ/2Hb
hQ +QKT`2 rBi? T`BQ` rQ`F i?i mb2/  }t2/ 7`+iBQM Q7 i?2 ;`QrBM; b2bQM T`BQ` iQ
?`p2bi iQ bb2bb i2KT2`im`2 b2MbBiBpBiveR- r2 }t i?2 /2p2HQTK2Mi T2`BQ/ +`Qbb v2`b
#v iFBM; i?2 K2M Q7 i?2 r2B;?ib 7Q` 2+? bii2- Pp,d- M/ TTHvBM; i?Qb2 iQ HH v2`b
U6B;X kXRVX q?2`2b 2`Hv ;`BM }HHBM; +H2`Hv `2KBMb i?2 KQbi b2MbBiBp2 T?b2- Hi2 ;`BM
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6B;m`2 kX3, :.. M/ E.. a2MbBiBpBiv rBi? }t2/ ;`QrBM; b2bQMX UV q?2M ;`QrBM; bi;2
/i2b `2 }t2/ iQ p2`;2 bii2@rB/2 pHm2b- KMv bii2b 2t?B#Bi  M2;iBp2 `2HiBQMb?BT #2ir22M
:.. M/ vB2H/ /m`BM; Hi2 ;`BM }HHBM;- M/  bi`QM; TQbBiBp2 `2HiBQMb?BT #2ir222M :.. M/ vB2H/
/m`BM; i?2 /`v/QrM T?b2 Q7 /2p2HQTK2MiX U#V E.. b2MbBiBpBiv Bb HbQ +QmMi2`@BMimBiBp2- rBi? ?B;?
i2KT2`im`2b /m`BM; Hi2 ;`BM }HHBM; ;2M2`HHv BM/B+i2/ b #2M2}+BHX h?2b2 `2bmHib BM/B+i2 i?2
BKTQ`iM+2 Q7 +Q``2+iHv bT2+B7vBM; T?b2 /i2b r?2M ii2KTiBM;  KQ`2 `2bQHp2/ MHvbBb Q7 b2MbB@
iBpBivX
Km+? Q7 i?2 +Q`M #2Hi M/ bQK2iBK2b  TQbBiBp2 `2bTQMb2 iQ E..b U6B;X kX3VX h?Bb `2bmHi
Bb mMbmTTQ`i2/ #v Mv #BQHQ;B+H 2tTHMiBQM M/- TT`2MiHv- `Bb2b 7`QK BM+Q``2+iHv
bKTHBM; i?2 r2i?2` +imHHv bbQ+Bi2/ rBi? Hi2 ;`BM }HHBM;X :Bp2M i?i i?2`2 Bb HbQ
 i`2M/ iQr`/ 2`HB2` THMiBM;d8 r?B+? ?b i?2 2z2+i- r?2M i?2 b2bQMb `2 }t2/- Q7
b?B7iBM; +imH Hi2 ;`BM }HHBM; /i2b BMiQ r?i Bb /2}M2/ b i?2 /`v/QrM T?b2 i?Bb
?b HBF2Hv +QMi`B#mi2/ iQ +QM7mb2/ b2MbBiBpBiv 2biBKi2b mM/2` }t2/ /2p2HQTK2Mi /i2bX
b i?2 /`v/QrM T?b2 `2T`2b2Mib  T2`BQ/ r?2`2 i?2 +`QT Bb MQ HQM;2` #BQHQ;BHHv
+iBp2 r2 +QMbi`m+i M Hi2`MiBp2 KQ/2H r?B+? QKBib i?Bb T?b2 M/ 7Q+mb2b QMHv QM
i?2 p2;2iiBp2- 2`Hv ;`BM }HHBM;- M/ Hi2 ;`BM }HHBM; T?b2b U6B;X kXNVX h?2 T`K2i2`
2biBKi2b `2 H`;2Hv mM+?M;2/- M/ ;Bp2M i?i ;`BMb `2 biBHH pmHM2`#H2 mMiBH ?`p2bi
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6B;m`2 kXN, :.. M/ E.. a2MbBiBpBiv rBi?Qmi  /`v/QrM T?b2X UV :.. b2MbBiBpBiv 2biB@
Ki2b M/ U#V E.. b2MbBiBpBiv 2biBKi2b `2 H`;2Hv mM+?M;2/ r?2M i?2 /`v/QrM T?b2 Bb QKBi@
i2/ 7`QK i?2 MHvbBbX
/`v/QrM T?b2 b T`i Q7 i?2 Hi2 ;`BM }HHBM; T?b2 Kv #Bb i?2 T`K2i2` 2biBKi2b
QM ++QmMi Q7 i?2 bm#biMiBH /Bz2`2M+2b #2ir22M i?2 irQX
8j
3
/TiiBQM M/ h2KTQ`H h`2M/b
jXR #bi`+i
h?2 r2i?2` i?i la KBx2 ?b #22M 2tTQb2/ iQ /m`BM; Bib ;`Qri? ?b +?M;2/ Qp2` i?2
kyth +2Mim`v b  `2bmHi Q7 +?M;2b BM +HBKi2 b r2HH b +?M;2b BM THMiBM; /i2b M/
/2p2HQTK2Mi iBK2X SHMiBM; /i2b ?p2 KQp2/ M p2`;2 Q7 N /vb 2`HB2`- bT2M/ M
p2`;2 Q7 N /vb H2bb iBK2 BM i?2 }2H/ rBiBM; ?`p2bi- M/ ?p2  N /v HQM;2` ;`BM
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}HHBM; T2`BQ/ #2ir22M RN3R M/ kyR9X TTHvBM;  HBM2` KQ/2H i?i BM+Q`TQ`i2b T?2@
MQHQ;v M/ vB2H/ /i 7`QK Re bii2b 2M#H2b i?2 b2T`iBQM Q7 vB2H/ i`2M/b ii`B#mi#H2
iQ i`2M/b BM +HBKi2 M/ b?B7iBM; Q7 /2p2HQTK2Mi iBKBM;X h?2 2biBKi2b BM/B+i2 i?i-
QM p2`;2- +HBKi2 i`2M/b M/ iBKBM; i`2M/b ?p2 +QMi`B#mi2/ 3W M/ RyW Q7 i?2 vB2H/
BM+`2b2- T`2bmKBM; i?i vB2H/ b2MbBiBpBiv iQ BMi2`MMmH p`B#BHBiv Kv #2 b+H2/ iQ
2biBKi2 i?i bbQ+Bi2/ rBi? /2+/H i`2M/bX h2KT2`im`2 i`2M/b ?p2 ;2M2`HHv #22M
#2M2}+BH i?`Qm;? +QQHBM; Q7 i?2 ?Qii2bi i2KT2`im`2b BM i?2 LQ`i?X >Qr2p2`- h2tb
Bb M QmiHB2` r?B+? ?b 2tT2`B2M+2/ vB2H/ HQbb2b 7`QK #Qi? ?Qii2` i2KT2`im`2b M/ 
r`K2` #b2HBM2 +HBKi2X h?2b2 `2bmHib BM/B+i2 i?i QM;QBM; /TiiBQM Q7 +`QTb iQ iF2
/pMi;2 Q7 i?2 +HBKiQHQ;B+H b2bQMH +v+H2 HQM; rBi? i`2M/b BM i2KT2`im`2 ++QmMi
7Q` MQM@i`BpBH TQ`iBQMb Q7 i?2 Qp2`HH BKT`Qp2K2Mib BM vB2H/X h?2 QM;QBM; /TiiBQM
iQ i?2 +HBKiQHQ;B+H b2bQMH +v+H2 Bb BM/B+iBp2 Q7 i?2 +T+Biv iQ /Ti iQ  +?M;@
BM; +HBKi2- i H2bi 7Q` i?Bb BMi2MbBp2Hv KM;2/ +`QT M/ BM i?2 +QMi2ti Q7 i?2 bKHH
+?M;2b 2tT2`B2M+2/ iQ /i2X
jXk AMi`Q/m+iBQM
JBx2 vB2H/b ?p2 BM+`2b2/ bm#biMiBHHv Qp2` i?2 kyth +2Mim`v- rBi? p2`;2 la vB2H/
BM+`2bBM; #v Qp2` yXR i ?−1 v`−1 7`QK RN3R iQ kyR9X h?Bb BKT`Qp2K2Mi Bb ivTB+HHv
b+`B#2/ iQ i2+?MQHQ;v- i?2 bmK Q7 +mHiBp` M/ ;`QMQKB+ BKT`Qp2K2MibX h?mb- i?Bb /27@
BMBiBQM QKBib i?2 2z2+i i?i +QM+m``2Mi +HBKi2 i`2M/b ?p2 HbQ ?/ QM vB2H/X :2M2`HHv-
MHvb2b Q7 i?2 +HBKiB+ 2z2+i QM vB2H/ i`2M/b ?p2 #22M 2biBKi2/ rBi?  bBM;H2 i2KT2`@
im`2 i`2M/ Qp2` i?2 ;`QrBM; b2bQM38-39X >Qr2p2`- Bi ?b #22M b?QrM i?i i2KT2`im`2
b2MbBiBpBiv p`B2b bm#biMiBHHv Qp2` i?2 +Qm`b2 Q7 +`QT /2p2HQTK2MiRkd-Rj3-kyX aBKBH`Hv-
}t2/ THMiBM; M/ ?`p2bi /i2b `2 Q7i2M M2+2bb`v i H`;2 b+H2b M/ BM i?2 #b2M+2 Q7
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KQ`2 ++m`i2 /i- #mi `2;BQMH MHvb2b BM/B+i2 i?i i?2b2 /i2b ?p2 KQp2/ 2`HB2`
+`Qbb BKTQ`iMi ;`QrBM; `2;BQMbRyk-d8-de-Rje-3NX q?BH2 bBKTHB7vBM; bbmKTiBQMb `2 Q7i2M
M2+2bb`v i i?2 ;HQ#H b+H2-  KQ`2 /2iBH2/ MHvb2b Kv ?B;?HB;?i K2+?MBbKb i?i
`2 BM/BbiBM;mBb?#H2 mM/2` #`Q/ b+H2 bbmKTiBQMbX h?`Qm;?  /2iBH2/ MHvbBb Q7
i`2M/b rBi?BM i?2 ;`QrBM; b2bQM r2 `2 #H2 iQ /2i2`KBM2 i?2 `2HiBp2 +QMi`B#miBQMb Q7
+HBKi2 M/ /2p2HQTK2MiH iBKBM; iQ vB2H/ i`2M/bX h?Bb /BbiBM+iBQM `2}M2b ?Qr +HBKiB+
+?M;2 ?b BKT+i2/ KBx2 vB2H/b M/ BM/B+i2b ?Qr 7`K2`b ?p2 i2KTQ`HHv /Ti2/
iQ i?2B` ?BbiQ`B+H ;`QrBM; 2MpB`QMK2MiX
1`HB2` rQ`F ?b ?B;?HB;?i2/ i?2 bm#biMiBH `QH2 i?i bTiBH /TiiBQM Kv THv
BM `2/m+BM; /K;2b 7`QK  r`K2` +HBKi2R3-kyX aBKBH`Hv- Bi ?b #22M bm;;2bi2/ i?i
bBKTH2 i2KTQ`H /TiiBQMb- bm+? b HQM;2` Kim`BM; +mHiBp`b- Kv #2M2}i vB2H/b BM 
r`K2` +HBKi2jd-RReX "v 2tKBMBM; i?2 /2iBHb Q7 ?BbiQ`B+H /TiiBQM iQ i?2 b2bQMH
+v+H2 r2 Kv ;BM bQK2 BMbB;?i BMiQ i?2 T`Q+2bb2b M/ HBKBiiBQMb Q7 i2KTQ`HHv /TiBM;
iQ  r`K2` 7mim`2X 6`K2`b ?p2 +QM/m+i2/  HQM; i2`K 2tT2`BK2Mi BM QTiBKBxBM; i?2B`
vB2H/ #v 2t2`+BbBM; i?2B` HBKBi2/ +QMi`QH Qp2` irQ F2v 72im`2b r?B+? b2i i?2 +Qm`b2 Q7 i?2
;`QrBM; b2bQMX 6B`bi- r?2M +`QTb `2 THMi2/- r?B+? Bb `2bi`B+i2/ #v i?2 ?`/BM2bb Q7 i?2
+mHiBp` M/ i?2 `2/BM2bb Q7 i?2 }2H/bd8X a2+QM/- i?2 Kim`Biv `iBM; Q7 i?2B` +mHiBp`-
r?B+? /2i2`KBM2b i?2 i2KT2`im`2 KQ/mHi2/ iBK2 M22/2/ #v i?2 +`QT iQ 7mHHv /2p2HQTRX
7i2` b2H2+iBM; i?2b2 irQ 2H2K2Mib i?2 THMib rBHH ;`Qr ++Q`/BM; iQ i?2 r2i?2` Q7 i?2
b2bQMX h?2b2 bi2/v /DmbiK2Mib Q7 THMiBM; /i2 M/ Kim`Biv `iBM;b Qp2` iBK2 ?b
H2/ iQ bm#biMiBH +?M;2b BM i?2 i2KT2`im`2 2MpB`QMK2Mi i?2 +`QT 2tT2`B2M+2b Qp2`
i?2 ;`QrBM; b2bQMX h?2b2 +?M;2b BM i?2 i2KT2`im`2 2MpB`QMK2Mi Kv #2 i`MbHi2/
BMiQ  vB2H/ i`2M/ #v bbmKBM; i?i i?2 BMi2`MMmH i2KT2`im`2 b2MbBiBpBiv Q7 +`QT vB2H/
Kv #2 b+H2/ iQ 2biBKi2  /2+/H i`2M/X
h?2 T?2MQHQ;v i`2M/b Q#b2`p2/ BM i?2 ?2pBHv@KM;2/ ;`Q2+Qbvbi2K Q7 la KBx2
8e
?b #22M ii`B#mi2/ T`BK`BHv iQ +?M;2b BM KM;2K2Mid8X h?Bb Bb- T2`?Tb- bm`T`Bb@
BM;- ;Bp2M i?i i?2`2 Bb 2p2`v BM/B+iBQM i?i mMKM;2/ 2+Qbvbi2Kb ?p2 `2bTQM/2/
bB;MB}+MiHv iQ HQ+H r`KBM;RR3X GQM; i2`K `2+Q`/b BM/B+i2 i?i  `M;2 Q7 T?2MQHQ;@
B+H BM/B+iQ`b 7Q` #Qi? THMi M/ MBKH bT2+B2b MQr Q++m` bm#biMiBHHv 2`HB2` BM #Qi?
1m`QT2Ryj M/ i?2 lMBi2/ aii2bRd-Ry9-9dX 1`HB2` /i2b 7Q` H27 Qmi M/ ~Qr2`BM; `2
T`iB+mH`Hv +QKKQMX AM/22/- i?2 THMiBM; /i2 i`2M/ BM i?2 la Bb 2p2M ;`2i2` i?M
i?2 i`2M/ iQr`/b 2`HB2` T?2MQHQ;B+H bT`BM; BM mMKM;2/ 2+Qbvbi2KbR9jX AM +QMi`bi-
1m`QT2M 7`K2`b TT2` iQ H; i?2 T?2MQHQ;B+H b?B7ib Q7 mMKM;2/ 2+Qbvbi2KbRykX
h?2 +QMi`biBM; T?2MQHQ;B+H Tii2`Mb Q7 KM;2/ M/ mMKM;2/ 2+Qbvbi2Kb 7m`i?2`
BHHmbi`i2b i?2 /mH `QH2b Q7 KM;2K2Mi M/ +HBKi2 BM b2iiBM; i?2 /2p2HQTK2MiH iBKBM;
Q7 ;`Q2+Qbvbi2KbX
>2`2- r2 //`2bb i?2 /2;`22 iQ r?B+? +?M;2b BM ?BbiQ`B+H THMiBM; M/ /2p2HQTK2Mi
iBKBM; bbQ+Bi2/ rBi? la KBx2 ?p2 H2/ iQ BKT`Qp2K2Mib BM vB2H/X h?2 iQiH +HBKiB+
i`2M/ rBi?BM 7Qm` /2p2HQTK2Mi T?b2b Bb /2+QKTQb2/ BMiQ irQ +QKTQM2Mib-  +HBKi2
+QKTQM2Mi rBi? }t2/ /2p2HQTK2MiH T?b2b M/  iBKBM; +QKTQM2Mi rBi? p`B#H2
/2p2HQTK2MiH T?b2b M/  }t2/ #+F;`QmM/ +HBKi2X +`Qbb KQbi bii2b #Qi? iBKBM;
M/ +HBKi2 ?p2 ;2M2`HHv #2M2}ii2/ vB2H/b +QMi`B#miBM;- BM /Bz2`2Mi bii2b- b Km+?
b 9dW M/ j9W `2bT2+iBp2Hv iQ i?2 2+? bii2Ƕb iQiH i2KTQ`H vB2H/ i`2M/X
jXj J2i?Q/b
aii2 H2p2H +`QT /2p2HQTK2Mi /i M/ +QmMiv H2p2H vB2H/b 7`QK i?2 lMBi2/ aii2b .2@
T`iK2Mi Q7 ;`B+mHim`2fLiBQMH ;`B+mHim`2 aiiBbiB+ a2`pB+2 Ula.fLaaVRkj 7`QK
RN3R@kyR9 `2 pBH#H2 7Q` Rd bii2b BM i?2 1bi2`M la- 2t+2Ti 7Q` h2tb URN38@kyR9V M/
:2Q`;B URN3R@RNNNVX h?2b2 /2p2HQTK2Mi /i `2 +QK#BM2/ rBi? r2i?2` /i 7`QK
8d
9ed lMBi2/ aii2b >BbiQ`B+H *HBKiQHQ;v L2irQ`F r2i?2` biiBQMb 7`QK i?2 :HQ#H
>BbiQ`B+H *HBKiQHQ;v L2irQ`FRyR M/ BMi2`TQHi2/ rBi?  .2HmMv h`BM;mHiBQMRk
iQ i?2 +2Mi2` Q7 2+? +QmMiv iQ TT`QtBKi2 i?2 /BHv r2i?2` 2tT2`B2M+2/ #v i?2 +`QTX
*QmMiB2b rBi? ;`2i2` i?M RyW Q7 i?2B` ?`p2bi2/ `2 B``B;i2/ ++Q`/BM; iQ i?2 7Qm`
RNNd@kyRk +2Mbmb2b Q7 ;`B+mHim`2 `2 `2KQp2/ 7`QK i?2 MHvbBb b i?2v `2 FMQrM iQ
#2 bB;MB}+MiHv H2bb b2MbBiBp2 iQ i2KT2`im`2R3- r?B+? 2HBKBMi2b *QHQ`/Q M/ `2/m+2b
i?2 bii2b MHvx2/ iQ Re M/ i?2 iQiH +QmMiB2b iQ RR3dX
JBx2 vB2H/ Bb KQ/2H2/ rBi? irQ K2i`B+b Q7 ++mKmHi2/ i?2`KH iBK2X JQ/2`i2
+QM/BiBQMb `2 KQ/2H2/ rBi? ;`QrBM; /2;`22 /vb U:..V- i?2 p2`;2 Q7 i`mM+i2/ Kt@
BKmK M/ KBMBKmK i2KT2`im`2b #2ir22M N@kN◦*-  +QKKQM K2i`B+ 7Q` ++mKmHi2/
i?2`KH iBK2 i?i Bb HbQ rB/2Hv mb2/ BM bBKTH2 biiBbiB+H KQ/2Hb Q7 +`QT vB2H/38-j3-R3-R88X
aBKBH`Hv- /K;BM; +QM/BiBQMb `2 bmKK`Bx2/ rBi? FBHHBM; /2;`22 /vb UE..V- KtB@
KmK i2KT2`im`2b Qp2`  /K;BM; i?`2b?QH/- ?2`2 iF2M b kN◦*X a22 +?Ti2` k 7Q` 
KQ`2 +QKTH2i2 /2b+`BTiBQM Q7 i?2 +H+mHiBQM Q7 :.. M/ E..X Pi?2` i2`Kb BM+Hm/BM;
T`2+BTBiiBQM- 7`22xBM; /vb- M/ TQi2MiBH bmMb?BM2 ?Qm`b r2`2 2tT2`BK2Mi2/ rBi? #mi
/B/ HBiiH2 iQ BKT`Qp2 i?2 bFBHH Q7 i?2 KQ/2HX
.2p2HQTK2Mi /i `2 pBH#H2 7Q` bBt /BbiBM+i ;`QrBM; bi;2b, THMiBM;- bBHFBM;-
/Qm;?BM;- /2Mi2/- Kim`2- M/ ?`p2bi2/X h?2b2 `2 +QK#BM2/ BMiQ 7Qm` ;`QrBM; T?b2b
URV 7`QK THMiBM; iQ bBHFBM; Bb i?2 p2;2iiBp2 T?b2- UkV 7`QK bBHFBM; iQ /Qm;?BM; Bb i?2
2`Hv ;`BM }HHBM; T?b2- UjV 7`QK /Qm;?BM; iQ Kim`2 Bb i?2 Hi2 ;`BM }HHBM; T?b2
M/ U9V 7`QK Kim`2 iQ ?`p2bi2/ Bb i?2 /`v/QrM T?b2- Dmbi b BM +?Ti2` kX AM i?2
la.fLaa /i#b2 i?2 bi;2b `2 T`2b2Mi2/ b r22FHv T2`+2Mi;2b Q7 +`QT /2p2HQT@
K2Mi- r?B+? `2 HBM2`Hv BMi2`TQHi2/ iQ /BHv pHm2b M/ 2ti`TQHi2/ iQ y M/ RyyW
BM bm``QmM/BM; r22Fb B7 i?2 /i /Q MQi Mim`HHv 2ti2M/ i?i 7`X q?2M i?2 bi;2b `2
+QK#BM2/ BMiQ i?2 7Qm` T?b2b Q7 /2p2HQTK2Mi i?2v `2 +QMp2`i2/ BMiQ /BHv 7`+iBQMb
83
7Q` 2+? bii2 BM 2+? T?b2- b22 +?Ti2` k 7Q` /2iBHbX h?2 /vb rBi?BM 2+? T?b2
`2 +H+mHi2/ #v bmKKBM; i?2b2 7`+iBQMH r2B;?ib- i?Bb 2Mbm`2b i?i TQ`iBQMb Q7 i?2
;`QrBM; b2bQM BM KmHiBTH2 T?b2b `2 MQi /Qm#H2 +QmMi2/ r?2M /2i2`KBMBM; i?2 H2M;i?
Q7 2+? T?b2X
h?2 /BHv :.. M/ E.. rBi?BM 2+? +QmMiv `2 r2B;?i2/ #v i?2 7`+iBQM Q7 i?2
bii2 BM 2+? /2p2HQTK2Mi bi;2 b GDDp =
∑
d Pp,dGDDdX >2`2- GDDp Bb i?2 iQiH
:.. 2tT2`B2M+2/ rBi?BM  ;Bp2M T?b2- p- M/ Pp,d Bb i?2 7`+iBQM Q7 i?2 bii2Ƕb +`QT
i?i Bb BM i?i T?b2 QM 2+? /v- r?BH2 GDDd Bb i?2 /BHv :..X h?2 bmK Bb iF2M Qp2`
i?2 p`B#H2 /vb i?i i?2 +`QT rb BM 2+? T?b2 rBi?BM 2+? v2`X h?2 r2B;?i2/ :..
M/ E.. p`B#H2b `2 +QK#BM2/ BMiQ  TM2H KQ/2H Q7 vB2H/ b 7QHHQrb-











>2`2- Yy,c Bb i?2 vB2H/- Y - BM K2i`B+ iQMbf?2+i`2 /m`BM; v2`- y- BM +QmMiv cX h?2
β i2`Kb `2 i?2 2biBKi2/ +Q2{+B2Mib 7Q` 2+? bii2- i- 2t+2Ti 7Q` β0,c- r?B+? Bb 
+QmMiv H2p2H K2M vB2H/X h?2 β1,i,p- β2,i,p- M/ β3,i,p i2`Kb `2 HH i i?2 bii2 H2p2H
M/ +H+mHi2/ 7Q` 2+? T?b2- pX h?2 β1,i,p `2T`2b2Mi i?2 iQiH i2KTQ`H vB2H/ i`2M/- Q7
r?B+?  +QKTQM2Mi Bb /m2 iQ i?2 i`2M/b BM :..p M/ E..p- r?B+? rBHH #2 2tTHQ`2/
BM /2iBH #2HQrX h?2 β2,i,p M/ β3,i,p `2T`2b2Mi BMi2`MMmH :.. M/ E.. b2MbBiBpBiv-
`2bT2+iBp2HvX Ai Bb bbmK2/ i?i i?Bb b2MbBiBpBiv Bb }t2/ Qp2` i?2 /m`iBQM Q7 i?Bb bim/v-
2[mBpH2Mi iQ bbmKBM; MQ QM;QBM; /TiiBQM Qp2` /2+/H iBK2b+H2bR3X h?2 T`BK2b
QM GDD′y,c M/ KDD′y,c BM/B+i2 i?i i?2 K2M ?b #22M `2KQp2/ iQ T`2p2Mi BMi2`+iBQM
rBi? β0,cX
hQ +H+mHi2 bii2rB/2 i`2M/b BM :.. M/ E..  bBM;H2 pHm2 Bb TT`QtBKi2/ 7Q`







h?2 bii2 rB/2 pHm2 :..y,i,p Bb +H+mHi2/ BM 2+? v2`- y- bii2- i- M/ T?b2- p- #v
bmKKBM; +`Qbb +QmMiv- c- pHm2b- :..cX h?2b2 `2 r2B;?i2/ #v i?2 `2- Ac- Q7 KBx2
THMi2/ BM i?i +QmMiv M/ MQ`KHBx2/ #v i?2 iQiH THMi2/ `2 Q7 i?2 bii2- AiX 
r2B;?i2/ bii2rB/2 E.. Bb +H+mHi2/ MHQ;QmbHvX h?2 iBK2 i`2M/- ∆- BM :.. M/
E.. Bb +H+mHi2/ rBi? M Q`/BM`v H2bi b[m`2b }i- M/ Bb b?QrM BM 6B;X jXR-#X h?2
mM+2`iBMiv BM i?2 i?2`KH iBK2 i`2M/ Q7 2+? bii2 Bb +H+mHi2/ #v iFBM; Ryyy `M/QK
/`rb 7`QK i?2 #QQibi`TT2/ mM+2`iBMiv /Bbi`B#miBQMb Q7 i?2 :.. M/ E.. i`2M/b-
b22 6B;X jXk-#X h?2 /Bbi`B#miBQM Q7 i`2M/b BM :.. M/ E.. r2`2 +H+mHi2/ #v mbBM;
i?2 bK2 bKTH2 Q7 v2`b iQ T`2b2`p2 i2KTQ`H +Q``2HiBQMX
ey
6B;m`2 jXR- h`2M/b BM :.. M/ E..- QM i?2 7QHHQrBM; T;2, h?2 i`2M/ rBi?BM
2+? T?b2 Q7 2+? bii2 Bb BM/B+i2/ #v i?2 +QHQ`b rBi?BM r?22HX S?b2b #2;BM BM i?2
mTT2` `B;?i rBi? p2;2iiBp2 M/ T`Q+22/BM; +HQ+FrBb2 iQ /`v/QrM BM i?2 mTT2` H27i- b
BM/B+i2/ #v i?2 MmK#2`2/ +B`+H2 BM i?2 L1 Q7 i?2 KTX hQiH *HBKi2 h`2M/b, V
h?2 :.. i`2M/ i2M/b iQ #2 +QM+2Mi`i2/ BM i?2 KB//H2 Q7 i?2 ;`QrBM; b2bQM- M/
BM i?2 q2bi2`M *Q`M "2Hi /m`BM; Hi2 ;`BM }HHBM; r?2M vB2H/b #2M2}i i?2 KQbiX h?2
+QQHBM; /m`BM; i?2 p2;2iiBp2 T?b2 Bb 7`QK #Qi?  b?B7i iQr`/b 2`HB2` THMiBM; M/
+HBKiB+ +QQHBM; r?BH2 i?2 /2+`2b2 /m`BM; i?2 /`v/QrM T?b2 Bb H`;2Hv 7`QK 2`HB2`
?`p2biBM;X #V EBHHBM; /2;`22 /vb ?p2 /2+HBM2/ BM i?2 p2;2iiBp2 T?b2 r?2M vB2H/b
`2 H`;2Hv BMb2MbBiBp2 iQ ?Qii2` +QM/BiBQMb rBi? r2F i`2M/b BM Qi?2` T?b2bX *HBKiB+
*?M;2 h`2M/b +V h?2 +HBKi2 :.. i`2M/b `2 HH +HQb2 iQ x2`Q- rBi? bQK2 r`KBM;
BM/B+i2/ iQr`/b i?2 2M/ Q7 i?2 ;`QrBM; b2bQM BM i?2 1biX /V h?2 Tii2`M Q7 i?2
+HBKi2 E.. i`2M/b `2 [mBi2 bBKBH` iQ i?2 iQiH +HBKi2 i`2M/b- T`iB+mH`Hv BM i?2
LQ`i? bm;;2biBM; i?i +HBKiB+ +?M;2 ?b  bm#biMiBH BM~m2M+2 QM i?2 iQiH Tii2`MX
hBKBM; h`2M/b 2V h?2 :.. i`2M/b 7`QK iBKBM; +?M;2b `2 [mBi2 +HQb2 iQ i?2 iQiH
:.. i`2M/X 7V h?2 E.. i`2M/b 7`QK iBKBM; b?B7ib `2 M2;HB;B#H2 BM i?2 LQ`i? #mi
BM+`2b2 7m`i?2` aQmi?X AM :2Q`;B i?2 +QM+2Mi`iBQM Q7 E..b /m`BM; 2`Hv ;`BM }HHBM;
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6B;m`2 jXR, U*QMiBMm2/V h`2M/b BM :.. M/ E..
ek
h?2 iBK2 i`2M/b 7Q` #Qi? :.. M/ E.. `2 i?2M /2+QKTQb2/ BMiQ irQ +QKTQM2Mib-
QM2 /m2 iQ iBKBM; M/ i?2 Qi?2` iQ +HBKiB+ +?M;2X h?2 +HBKiB+ +QKTQM2Mi Q7 i?2 i`2M/
Bb 2biBKi2/ #v mbBM; }t2/ THMiBM; M/ /2p2HQTK2Mi /i2b 7Q` 2p2`v v2`- 6B;X jXR+-/X
"v }tBM; i?2 /2p2HQTK2Mi T?b2b #mi mbBM; i?2 ?BbiQ`B+HHv p`B#H2 r2i?2` i?2 v2`Hv
KM;2K2Mi /DmbiK2Mib `2 `2KQp2/ M/ i?2 +HBKiB+ +QKTQM2Mi Q7 i?2 vB2H/ i`2M/
Bb BbQHi2/X h?2 }t2/ T?b2b Kv #2 2tT`2bb2/ b Pp,d0 - r?2`2 i?2 d0 BM/2t BM/B+i2b
i?i +QmMiBM; #2;BMb M/ T`Q;`2bb2b ++Q`/BM; iQ i?2 bK2 /vb 2p2`v v2`X h?2 r2i?2`
2tT2`B2M+2/ biBHH p`B2b ++Q`/BM; iQ Bib ?BbiQ`B+H pHm2b- QMHv i?2 /2p2HQTK2MiH T`Q;`2bb
Q7 i?2 +`QT Bb }t2/ +`Qbb v2`bX
h?2 iBKBM; i`2M/ Bb +H+mHi2/ rBi? i?2 ?BbiQ`B+HHv p`B#H2 /2p2HQTK2Mi T?b2b- Pp,d-
B/2MiB+H iQ i?2 Q`B;BMH +H+mHiBQM- #mi rBi?  }t2/ b2bQMH +HBKi2 iQ +H+mHi2 /BHv
:.. M/ E..- 6B;X jXR2-7X h?2 }t2/ b2bQMH +HBKi2 Bb 2biBKi2/ 7Q` 2+? +QmMiv
#v }iiBM; i?2 Q#b2`p2/ iBK2@b2`B2b Q7 KBMBKmK M/ KtBKmK i2KT2`im`2b b2T`i2Hv
rBi?  irQ@i2`K 7Qm`B2` KQ/2HX h?Bb +HBKiQHQ;v Bb i?2M mb2/ iQ 2biBKi2 :..p M/
E..p 7Q` 2+? /2p2HQTK2Mi T?b2X "v }tBM; i?2 #+F;`QmM/ +HBKi2 #mi HHQrBM; i?2
/2p2HQTK2MiH T?b2b iQ p`v b i?2v ?p2 ?BbiQ`B+HHv i?Bb i`2M/ Bb bQH2v  `2bmHi Q7 i?2
KM;2K2Mi /2+BbBQMb iQ b?B7i THMiBM; iBK2b M/ +mHiBp` ivT2bX
"v +QK#BMBM; i?2 iBK2 i`2M/b Q7 :.. M/ E.. rBi?BM 2+? T?b2 M/ i?2B` `2bT2+@






q?2`2 ∆Y GKi BM/B+i2b i?2 vB2H/ i`2M/ BM bii2- i- `2bmHiBM; 7`QK i?2 BMi2`MMmH vB2H/
b2MbBiBpBiv iQ :.. M/ E..- β2,i,p M/ β3,i,p- 7`QK 2[MX jXR- /m`BM; 2+? T?b2- p- M/
i?2 +Q``2bTQM/BM; i`2M/b Q7 ;`QrBM; /2;`22 /vb- ∆:..i,p- M/ FBHHBM; /2;`22 /vb-
ej
∆E..i,pX h?2 ∆Y GKi i`2M/b `2 +H+mHi2/ 7Q` i?2 i?`22 /BbiBM+i 2biBKi2b Q7 :.. M/
E..X 6B`bi-  iQiH +HBKi2 i`2M/ i?i /Q2b MQi /BbiBM;mBb? #2ir22M i?2 +QMi`B#miBQMb Q7
+HBKiB+ +?M;2 M/ iBKBM;X h?2M i?2 :.. M/ E.. i`2M/b `2 /2+QKTQb2/ BMiQ i?2b2
irQ +QKTQM2Mib- b /2b+`B#2/ #Qp2X AM #Qi? i?2 KM;2K2Mi M/ i?2 +HBKiB+ i`2M/
bb2bbK2Mib i?2 :.. M/ E.. b2MbBiBpBiv T`K2i2`b `2 KBMiBM2/ 7`QK 2[MX jXR- b
+H+mHiBM; b2MbBiBpBiB2b rBi? }t2/ /2p2HQTK2Mi ?b #22M b?QrM iQ T`Q/m+2 mMT?vbB+H
2biBKi2bkyX "QQibi`T +QM}/2M+2 BMi2`pHb r2`2 +QMbi`m+i2/ iQ bb2bb i?2 mM+2`iBMiv
QM 2+? Q7 i?2 vB2H/ i`2M/ KQ/2Hb 7`QK Ryyy bKTH2b BM+Q`TQ`iBM; i?2 mM+2`iBMiv BM
#Qi? i?2 i`2M/ 2biBKi2b M/ i?2 b2MbBiBpBiv T`K2i2`bX AM HH +b2b i?2 bK2 v2`b
r2`2 bKTH2/ 7Q` #Qi? :.. M/ E.. i`2M/b iQ T`2b2`p2 i2KTQ`H +Q``2HiBQM #2ir22M
i?2b2 [mMiBiB2bX q?2M bb2bbBM; i?2 mM+2`iBMiv Q7 Qi?2` [mMiBiB2b #QQibi`T bKTH2b
`2 Hrvb iF2M +`Qbb v2`b- bm+? i?i HH Re bii2b `2 Hrvb T`2b2Mi BM M 2biBKi2X
jX9 _2bmHib
h?2 :.. i`2M/b +`Qbb ;`QrBM; T?b2b BM/B+i2 bm#biMiBH p`BiBQM +`Qbb i?2 b2bQM-
6B;X jXRX h?2 KB//H2 Q7 i?2 b2bQM ;2M2`HHv ?b KQ`2 :..b- #mi R8 bii2b b22  i`2M/
iQr`/b 72r2` :..b /m`BM; i?2 p2;2iiBp2 M/ Rj /m`BM; i?2 /`v/QrM T?b2bX h?2b2
`2 ivTB+HHv i?2 H2bi b2MbBiBp2 T?b2b iQ :..b BM~m2M+2 QM vB2H/bX h?2 KQ`2 b2MbBiBp2
;`BM }HHBM; T?b2b b22  bm#biMiBH BM+`2b2 BM :..b- QMHv }p2 bii2b b22 Mv /2+`2b2
#2ir22M i?2b2 T?b2b M/ MQ bii2 ?b  /2+`2b2 BM #Qi?X J2/BM 2biBKi2b BM/B+i2
/2+`2b2b Q7 @RXR M/ @RXy ◦* /v v`−1 UN8W +XBX @RXN iQ @yX3 M/ @RX8 iQ @yX9V BM #Qi? i?2
p2;2iiBp2 M/ /`v/QrM T?b2b- r?BH2 2`Hv M/ Hi2 ;`BM }HHBM; ?p2 #Qi? BM+`2b2/
#v RXd ◦* /v v`−1 UN8W +XBX RXR iQ kXk M/ RXy iQ kXkVX h?Bb Bb  bm#biMiBH +?M;2 BM
i?2 bi`m+im`2 Q7 ?2i mMBib 2tT2`B2M+2/ Qp2` i?2 ;`QrBM; b2bQM- M/ Bi Bb bi`BFBM; i?i
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6B;m`2 jXk, lM+2`iBMiv BM :.. M/ E.. i`2M/b h?2 #2bi 2biBKi2 Q7 2+? bii2Ƕb i`2M/ Bb
BM/B+i2/ #v  bQHB/ TQBMi M/ i?2 p2`iB+H HBM2b `2 N8W #QQibi`TT2/ +QM}/2M+2 BMi2`pHbX 6Q`
+H`Biv 2+? TQBMi ?b #22M ?Q`BxQMiHHv DBii2`2/ M/ i?2 #QmM/`B2b Q7 i?2 };m`2 ?p2 #22M i`mM@
+i2/- QKBiiBM; :2Q`;BǶb 2`Hv ;`BM }HHBM; M/ /`v/QrM i`2M/bX hQiH *HBKi2 h`2M/b V h?2
Tii2`M Q7 BM+`2bBM; :..b /m`BM; i?2 ;`BM }HHBM; T?b2b M/ /2+HBMBM; :..b /m`BM; i?2 p2;2@
iiBp2 M/ /`v/QrM T?b2 Bb +H2` 7Q` KQbi bii2b 2p2M rBi? i?2 +QMbB/2`#H2 mM+2`iBMiv Q7 KMv
i`2M/bX #V h?2 E.. i`2M/b `2 KQ`2 mM+2`iBM- #mi i?2`2 Bb  +H2` +QQHBM; bB;MH /m`BM; i?2 p2;@
2iiBp2 T?b2X *HBKiB+ *?M;2 h`2M/b +V h?2 mM+2`iBMiv QM i?2 +HBKiB+ :.. i`2M/b BM/B@
+i2 i?i M2`Hv HH `2 BM/BbiBM;mBb?#H2 7`QK x2`QX /V h?2 E.. i`2M/b `2 bBKBH`Hv mM+2`iBM M/
bi`m+im`2H2bbX hBKBM; h`2M/b 2V h?2 bi`m+im`2 Q7 i?2 iBKBM; :.. i`2M/b KB``Q`b i?i Q7 i?2 iQiH
:.. i`2M/- i?Qm;? i?2 Tii2`M Q7 BM+`2b2 BM i?2 KB//H2 Q7 i?2 b2bQM M/ /2+`2b2 /m`BM; i?2
p2;2iiBp2 M/ /`v/QrM T?b2b Bb 2p2M KQ`2 /BbiBM+iX 7V h?2 mM+2`iBMiv QM KMv Q7 i?2 iBKBM;
E.. i`2M/b Bb M2;HB;B#H2 #2+mb2 MQ`i?2`M bii2b 2tT2`B2M+2 bQ 72r BM i?2B` +HBKiQHQ;B2bX
e8
:..b ?p2 #22M +QM+2Mi`i2/ r?2`2 i?2v `2 KQbi #2M2}+BH iQ vB2H/ M/ /2+`2b2/
r?2`2 i?2v `2 i?2 H2biX
AM ;2M2`H E.. i`2M/b `2 Km+? r2F2` i?M :.. i`2M/b- 6B;X jXR#- M/ [mBi2
mM+2`iBM- 6B;X jXk#X h?2 E.. i`2M/b `2 /QKBMi2/ #v i?2 i2M/2M+v iQr`/b  +QQH2`
p2;2iiBp2 T?b2- r?2M K2/BM E..b ?p2 /2+`2b2/ #v @yXN ◦* /v v`−1 UN8W +XBX
@RXk iQ @yX8V- r?2M i?2 THMib `2 H2bb b2MbBiBp2 iQ E..bX JMv bii2b /Q b22  KQ/2bi
BM+`2b2 BM E..b /m`BM; i?2 ?B;?Hv b2MbBiBp2 2`Hv ;`BM }HHBM; bi;2- rBi?  K2/BM
BM+`2b2 Q7 yXR ◦* /v v`−1 UN8W +XBX @yXR iQ yX9VX h?Bb bm;;2bib i?i mMB7Q`KHv b?B7iBM;
THMiBM; /i2b 2`HB2` Kv ?p2 HBKBi2/ miBHBiv B7 i?Bb b2MbBiBp2 T?b2 Bb TmHH2/ BMiQ 
r`K2` TQ`iBQM Q7 i?2 b2bQMH +v+H2- r?B+? Bb i2bi2/ #2HQr r?2M i?2 iBKBM; i`2M/ Bb
MHvx2/X h2tb M/ E2Mim+Fv `2 i?2 QMHv bii2b iQ b22  mMB7Q`K BM+`2b2 BM E..b
+`Qbb HH Q7 i?2B` ;`QrBM; T?b2b- i?Qm;? E2Mim+FvǶb p2;2iiBp2 i`2M/ Bb M2`Hv x2`QX
S2`?Tb KQbi bi`BFBM; `2 i?Qb2 7Q`imMi2 bii2b BM i?2 q2bi2`M *Q`M "2Hi r?B+? ?p2
BM+`2b2/ i?2B` :..b- T`iB+mH`Hv /m`BM; i?2 +`BiB+H Hi2 ;`BM }HHBM; bi;2 r?BH2 HbQ
2tT2`B2M+BM;  /2+HBM2 BM E..bX
h?i KM;2K2Mi ?/  bm#biMiBH BM~m2M+2 QM i?2 i`2M/b Q7 :.. M/ E.. +M
#2 b22M #v 2tKBMBM; i`2M/b BM THMiBM; /i2b- 6B;X jXjX h?2 }`bi /v Q7 THMiBM;
?b KQp2/ 2`HB2` #v  K2/BM 2biBKi2 Q7 @yXke /vb v`−1 UN8W +XBX @yXj8 iQ @yXR3V-
KQmMiBM; iQ Qp2` N /vb 2`HB2` Qp2` i?2 j9 v2` +Qm`b2 Q7 i?2 `2+Q`/X i i?2 Qi?2` 2M/
Q7 i?2 b2bQM- i?2 /2+`2b2 BM :..b /m`BM; i?2 /`v/QrM T?b2 Bb HBF2Hv  `2bmHi Q7 i?2
BM+`2bBM;Hv 2`Hv }MH /v Q7 ?`p2bi- 6B;X jXj#X h?2 K2/BM }MH /v Q7 i?2 /`v/QrM
T?b2 @ +Q``2bTQM/BM; rBi? i?2 Hbi ?`p2bi @ ?b KQp2/ 2`HB2`- +?M;BM; #v @yXk8 /vb
v`−1 UN8W +XBX @yX9d iQ @yXR8VX AM +QMi`bi- i?2 BM+`2b2 BM :..b BM i?2 KB//H2 Q7
i?2 b2bQM Bb HBF2Hv  `2bmHi Q7 b2H2+iBM; HQM;2` Kim`BM; +mHiBp`b- b 2pB/2M+2/ #v i?2
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6B;m`2 jXj, h`2M/b BM bi`i M/ 2M/ /i2b M/ H2M;i? Q7 /2p2HQTK2Mi T?b2b V h?2 bi`i
/i2 Q7 2+? T?b2 ?b KQp2/ 2`HB2` BM 2p2`v bii2 Qi?2` i?M :2Q`;B M/ qBb+QMbBMX h?Bb Bb
KQbi HBF2Hv  `2bmHi Q7 2`HB2` THMiBM; b?B7iBM; i?2 /i2b Q7 i?2 Qi?2` /2p2HQTK2Mi T?b2bX #V h?2
2M/ /i2 i`2M/b b?Qr KQ`2 p`B#BHBiv- i?Qm;? ;2M2`HHv BM/B+i2 i?i ?`p2biBM; +QK2b 2`HB2` BM HH
bii2b Qi?2` i?M h2tbX h?2 KB//H2 Q7 i?2 ;`QrBM; b2bQM ?b i2M/2/ iQr`/b Hi2` ;`BM }HHBM;
/i2b- r?B+? r?2M +QK#BM2/ rBi? i?2 i`2M/ iQr`/b 2`HB2` bi`i /i2b BM/B+i2 KQ`2 iQiH iBK2
bT2Mi BM ;`BM }HHX +V AM 2p2`v bii2 Qi?2` i?M h2tb i?2 /`v/QrM T?b2 ?b b?Q`i2M2/- r?BH2 i?2
KB//H2 Q7 i?2 ;`QrBM; b2bQM ?b H2M;i?2M2/X h?2 b?Q`i2M2/ /`v/QrM T?b2 Bb  `2bmHi Q7 2`@
HB2` ?`p2bib r?BH2 i?2 H2M;i?2M2/ KB//H2 Bb HBF2Hv 7`QK HQM;2` Kim`BM; +mHiBp`b M/ ++QmMib 7Q`
Km+? Q7 i?2 i`2M/ iQr`/b KQ`2 :..b BM i?Bb T2`BQ/X
ed
}HHBM; T?b2b ?p2 BM+`2b2/ #v yXRR M/ yXR9 /vb v`−1 UN8W +XBX yXy3 iQ yXR8 M/ yXyd
iQ yXRNV 7Q` 2`Hv M/ Hi2 ;`BM }HHBM; `2bT2+iBp2HvX hF2M iQ;2i?2` i?Bb H2M;i?2MBM;
2[mi2b iQ MQi?2` N /vb bT2Mi BM i?2b2 b2MbBiBp2 T?b2bX
h?2 +HBKiB+ +?M;2 +QKTQM2Mi Q7 :.. M/ E.. i`2M/b- +H+mHi2/ rBi? }t2/ /2@
p2HQTK2Mi T?b2b `2 [mBi2 /Bz2`2Mi 7`QK i?2 iQiH +HBKi2 i`2M/- 6B;X jXR+-/X qBi?Qmi
i?2 i`2M/ iQr`/b 2`HB2` THMiBM; M/ Qi?2` +?M;2b BM T?b2 H2M;i? i?2`2 `2 QMHv r2F
i`2M/b iQr`/b BM+`2b2/ :..b- T`iB+mH`Hv BM i?2 2bi2`MKQbi bii2b Q7 S2MMbvHpMB-
LQ`i? *`QHBM M/ E2Mim+Fv- 6B;X jXR+- #mi KQbi bii2b ?p2 M2;HB;B#H2 i`2M/b +`Qbb
HH T?b2b- i?2 ;`2i2bi BM+`2b2 Bb biBHH /m`BM; Hi2 ;`BM }HHBM; rBi?  K2/BM BM+`2b2
Q7 yX8 ◦* /v v`−1 UN8W +XBX yXk iQ yXdVX h?2 Tii2`Mb Q7 E.. `2/m+iBQM `2 bBKBH`
#2ir22M i?2 iQiH +HBKi2 E.. i`2M/b M/ i?2 +HBKiB+ +?M;2 E.. i`2M/b- #mi ;2M2`@
HHv r2F2`X h?2 bi`QM;2bi bB;MH Bb ;BM i?2 +QQHBM; i`2M/ /m`BM; i?2 p2;iBp2 T?b2-
#mi i?Bb Bb `2/m+2/ iQ @yXk ◦* /v v`−1 UN8W +XBX @yXe iQ yXkVX
h?2`2 `2 b2p2`H TQbbB#H2 K2+?MBbKb #2?BM/ i?Bb +QQHBM; E.. i`2M/X PM2 TQbbB@
#BHBiv- r?B+? rQmH/ biBHH TH+2 bQK2 +QMi`QH rBi? i?2 7`K Bb i?2 bmTT`2bbBQM Q7 ?B;?
i2KT2`im`2b i?Qm;? 2H2pi2/ 2pTQi`MbTB`iBQM `i2bd 7`QK 2tTM/BM; M/ BMi2MbB7v@
BM; `Qr +`QT ;`B+mHim`2X AM/22/- i?Bb K2+?MBbK ?b #22M T`QTQb2/ iQ #2 `2bTQMbB#H2
7Q`  +2Mi2MMBH /2+HBM2 BM 2ti`2K2 Hi2 bmKK2` i2KT2`im`2bRydX >Qr2p2`- i?2`2 `2
Qi?2` TQbbB#BHBiB2b bm+? b BM+`2bBM; T`2+BTBiiBQM /m`BM; i?2 Hi2 bT`BM; M/ 2`Hv bmK@
K2` Qp2` i?2 2bi2`M la- T`iB+mH`Hv BM i?2 aQmi?2biRkk b r2HH b bm;;2biBQMb i?i
#BQ;2MB+ M/ Mi?`QTQ;2MB+ 2`QbQHb Kv +QMi`B#mi2 iQ +QQHBM; BM i?Bb `2eyX Pi?2`
?vTQi?2b2b BM+Hm/2 HM/ +Qp2` +?M;2Rj Q` HQ+H +?M;2b BM +B`+mHiBQMRRdX q?BH2 i?2 +HB@
KiB+ E.. i`2M/ Bb 7Q`imMi2 7Q` vB2H/b- i?2 Kv`B/ TQi2MiBH 2tTHMiBQMb +QKTHB+i2b
2ti`TQHiBM; i?2b2 `2bmHib BMiQ 7mim`2 +HBKi2bX
h?2 iBKBM; +QMi`B#miBQM Q7 :.. M/ E.. i`2M/b Bb 2biBKi2/ mbBM;  }t2/ +HBK@
e3
iQHQ;v rBi? ?BbiQ`B+HHv p`B#H2 /2p2HQTK2Mi /i2b- 6B;X jXR2-7X :Bp2M i?2 r2F +QMi`B@
#miBQM iQ i?2 iQiH :.. i`2M/ 7`QK i?2 +HBKi2 +?M;2 :.. i`2M/ Bi Bb mMbm`T`BbBM;
i?i i?2 iBKBM; :.. i`2M/b `2 M2`Hv B/2MiB+H iQ i?2 iQiH +HBKi2 i`2M/b- i?2 KQbi
TT`2+B#H2 /Bz2`2M+2- 2tT2+i#Hv- Bb /m`BM; Hi2 ;`BM }HHBM;- rBi? M BM+`2b2 Q7 RXR
◦* /v v`−1 UN8W +XBX yX8 iQ RXdVX HH Qi?2` T?b2b `2 rBi?BM yXk8 ◦* /v v`−1 Q7 i?2
iQiH b2bQM i`2M/- rBi? Qp2`HTTBM; N8W +QM}/2M+2 BMi2`pHbX AM +QMi`bi- i?2 MQ`i?2`M
bii2b ?p2 HKQbi 2MiB`2Hv M2;HB;B#H2 E.. i`2M/b +`Qbb HH T?b2bX h?Bb Bb mMbm`T`Bb@
BM;- BM i?i E..b Qp2`r?2HKBM;Hv Q++m` BM i?2 LQ`i? i?`Qm;? r2i?2` 2p2Mib- r?2`2b
bQmi?2`M +`QTb 2tT2`B2M+2 i?2K +HBKiQHQ;B+HHv- M/ +Q``2bTQM/BM;Hv i?2b2 +`QTb ?p2
#22M /Ti2/ iQ bm+? +B`+mKbiM+2bR3-kyX
h?2 vB2H/ #2M2}ib Q7 i?2 i`2M/ iQr`/b 2`HB2` THMiBM; ?p2 #22M MQi2/de- #mi ?2`2
r2 `2 #H2 iQ /BbiBM;mBb? i?2 `2HiBp2 #2M2}ib Q7 i?2 r?QH2 bmBi2 Q7 KM;2K2Mi /Dmbi@
K2MibX ++Q`/BM; iQ i?2 iQiH +HBKi2 vB2H/ i`2M/ i?2 ;`2i2bi vB2H/ #2M2}i ?b #22M
7`QK i?2 2HQM;iBQM Q7 Hi2 ;`BM }HHBM;- KQmMiBM; iQ  K2M BM+`2b2 Q7 Ry F; ?−1
v`−1 UN8W +XBX dXk iQ RjV- M/ i?2 ;`2i2bi /`; ?b #22M 7`QK BM+`2bBM; E..b /m`BM;
2`Hv ;`BM }HHBM; rBi? K2M HQbb2b Q7 @8Xj F; ?−1 v`−1 UN8W +XBX @Rk iQ RX9VX h?2b2 `2
7QHHQr2/ #v BM+`2b2b BM :..b /m`BM; 2`Hv ;`BM }HHBM; rBi?  K2M BM+`2b2 Q7 3Xd F;
?−1 v`−1 UN8W +XBX eXy iQ RkV- #mi bm`T`BbBM;Hv i?2 T2MmHiBKi2 bQm`+2 Q7 HQbb Bb +QQHBM;
/m`BM; /`v/QrM- BM/B+iBM; K2M HQbb2b Q7 @9XN F; ?−1 v`−1 UN8W +XBX @dX9 iQ @kXjVX
"`2FBM; /QrM i?2 iQiH +HBKi2 vB2H/ i`2M/ BM i2`Kb Q7 Bib +QMbiBim2Mi +QKTQM2Mib
Q7 iBKBM; M/ +HBKi2 +?M;2 bm;;2bib 2p2M KQ`2 T`2+Bb2 bQm`+2b Q7 i?2b2 vB2H/ i`2M/bX
h?i i?Bb /2+QKTQbBiBQM ++QmMib 7Q` M2`Hv HH Q7 i?2 iQiH +HBKiB+ 2z2+i Bb BM/B+i2/
#v i?2 +HQb2 +Q``2bTQM/2M+2 Q7 i?2 vB2H/ i`2M/b +H+mHi2/ 7Q` 2+? bii2 i?`Qm;? i?2
iQiH +HBKiB+ i`2M/ M/ i?i Q#iBM2/ #v bmKKBM; i?2 irQ +QKTQM2MibX h?2 pHm2b `2
M2`Hv B/2MiB+H rBi?  S2`bQMǶb +Q``2HiBQM +Q2{+B2Mi Q7 yXNe- M/  `2HiBQMb?BT Dmbi
eN
























6B;m`2 jX9, h?2 iQiH +HBKi2 vB2H/ i`2M/ M/ Bib +QKTQM2Mib Q7 +HBKiB+ +?M;2 M/ iBK@
BM;X h?2 #2bi 2biBKi2 Q7 i?2 iQiH +HBKi2 vB2H/ i`2M/ M/ i?2 bmK Q7 i?2 +HBKiB+ +?M;2 M/
iBKBM; +QKTQM2Mib Bb BM/B+i2/ #v i?2 #H+F /QiX "Hm2 +`Qbb2b `2T`2b2Mi R biM/`/ /2pBiBQM mM@
+2`iBMiB2b QM i?2b2 2biBKi2b M/ i?2 `2/ HBM2 Bb  QM2@iQ@QM2 HBM2 7Q` `272`2M+2X h?2 +HQb2 +Q``2@
bTQM/2M+2 #2ir22M i?2b2 2biBKi2b bm;;2bib i?i M2`Hv HH Q7 i?2 iQiH +HBKi2 i`2M/ Bb +QMiBM2/
BM i?2b2 irQ +QKTQM2MibX
b?v Q7 QM2 iQ QM2- 6B;X jX9- rBi?  vQ`F }i bHQT2 Q7 RXR UN8W +XBX yXN iQ RX9VX h?2 KQ/2H
bm;;2bib i?i b2p2`H bii2b ?p2 2tT2`B2M+2/  bm#biMiBH BM+`2b2 BM vB2H/b b  `2bmHi
Q7 #Qi? 7pQ`#H2 +HBKiB+ +?M;2 M/ /DmbiK2Mib Q7 i?2 +`QTTBM; +H2M/` M/ +mHiBp`
ivT2- 6B;X jX8X 6Bp2 bii2b ?p2 +QK#BM2/ BM+`2b2b 7`QK iBKBM; M/ +HBKiB+ +?M;2 i?i
++QmMi 7Q` Qp2` 9yW i?2B` iQiH i2KTQ`H vB2H/ i`2M/- JBMM2bQi- JBbbQm`B- L2#`bF-
LQ`i? *`QHBM- M/ S2MMbvHpMB- M/ i?2 KDQ`Biv Q7 i?Bb BM+`2b2 Bb 7`QK i?2 iBKBM;
i`2M/X am`T`BbBM;Hv- b2p2`H bii2b- BM+Hm/BM; bQK2 bm#biMiBH KBx2 T`Q/m+2`b BM i?2
*Q`M "2Hi, AHHBMQBb- AM/BM M/ P?BQ- BM/B+i2  M2;iBp2 vB2H/ 2z2+i 7`QK i?2B` iBKBM;
/DmbiK2Mib- b /Q :2Q`;B- E2Mim+Fv- M/ h2tbX
h?2 T`BK`v bQm`+2 Q7 i?Bb M2;iBp2 vB2H/ BKT+i 7`QK iBKBM; +?M;2b- T`iB+mH`Hv
BM i?2 *Q`M "2Hi bii2b Bb  b?Q`i2` /`v/QrM T?b2 rBi?  +QMb2[m2Mi /2+HBM2 BM :..b-
6B;X jX8#X h?2b2 bii2b ?p2  Km+? ;`2i2` :.. b2MbBiBpBiv /m`BM; i?Bb T?b2- rBi? 
K2M b2MbBiBpBiv Q7 dXe UF;f?VfU◦* /vV UN8W +XBX dXR iQ 3XyV +QKT`2/ iQ i?2 `2KBMBM;
dy



































6B;m`2 jX8, h?2 +QKTQM2Mib Q7 i?2 iQiH i2KTQ`H vB2H/ i`2M/ h?2 bmK Q7 HH +QKTQM2Mib
Q7 i?2 #` ;`T? Bb i?2 Q#b2`p2/ vB2H/ i`2M/ 7`QK RN3R@kyR9X V h?2 r?BbF2`b BM/B+i2 R biM/`/
/2pBiBQM mM+2`iBMiB2b QM 2+? +QKTQM2Mi Q7 i?2 2biBKi2X q?BH2 i?2 i2+?MQHQ;B+H `2bB/mH Bb
bm#biMiBH 7Q` KMv bii2b- b2p2`H- bm+? b JBMM2bQi- L2#`bF M/ S2MMbvHpMB ?p2 bB;MB}@
+MiHv #2M2}i2/ 7`QK iBKBM; i`2M/bX #V h?2 vB2H/ i`2M/b /m2 iQ iBKBM; M/ +HBKi2 Kv #2 7m`i?2`
#`QF2M /QrM BMiQ :.. M/ E.. +QKTQM2MibX h?2 ;`2i2bi /BbiBM;mBb?#H2 +QKTQM2Mi Q7 i?2
vB2H/ i`2M/ Bb i?2 BM+`2b2/ :..b 7`QK +?M;2b BM /2p2HQTK2MiH iBKBM; M/ i?2 ;`2i2bi /`; Bb
M BM+`2b2 BM E..b- Km+? Q7 r?B+? Bb HbQ /m2 iQ iBKBM; i`2M/bX LQi2 i?i b2p2`H bii2b ?p2 
M2;iBp2 2z2+i 7`QK iBKBM; :..b- r?B+? `2bmHib 7`QK  b?Q`i2` /`v/QrM T?b2 BM 2p2`v bii2 Qi?2`
i?M h2tbX
bii2b rBi?  K2M Q7 9X9 UF;f?VfU◦* /vV UN8W +XBX jXN iQ 9XNVX h?2 bQm`+2 Q7 i?2b2
MQKHQmb +Q2{+B2Mi 2biBKi2b Bb mM+H2` M/ b bm+? i?2 M2;iBp2 BKT+i Q7 i?2 p`B#H2
/2p2HQTK2Mi 2biBKi2 b?QmH/ #2 BMi2`T`2i2/ +QMb2`piBp2HvX AM 7+i- B7 i?2 /`v/QrM T?b2
Bb QKBii2/- M/ i?2 b2MbBiBpBiB2b M/ i`2M/b `2 `2+H+mHi2/- i?2 *Q`M "2Hi bii2b MQ
HQM;2` BM/B+i2  M2;iBp2 BKT+i 7`QK iBKBM; i`2M/b- 6B;X jXeX AM/22/ BM i?2 i?`22 T?b2
KQ/2H- 2p2`v bii2 Qi?2` i?M :2Q`;B- r?B+? ?b MQKHQmbHv H`;2 i`2M/b iQr`/b 
HQM;2` M/ ?Qii2` 2`Hv ;`BM }HHBM;- BM/B+i2  #2M2}i 7`QK i?2 iBKBM; i`2M/bX h2tb
Bb i?2 QMHv bii2 r?B+? bmz2`b 7`QK bB;MB}+Mi +HBKiB+ +?M;2 i`2M/b- r?BH2 EMbb-
E2Mim+Fv M/ P?BQ BM/B+i2  K`;BMH M2;iBp2 2z2+iX lM/2` i?2 i?`22 T?b2 KQ/2H
JBMM2bQi- JBbbQm`B- L2#`bF- aQmi? .FQi M/ qBb+QMbBM HH BM/B+i2 i?i ;`2i2`
i?M 8yW Q7 i?2B` iQiH i2KTQ`H vB2H/ i`2M/ Bb  `2bmHi Q7 iBKBM; M/ +HBKiB+ i`2M/bX
dR
AM qBb+QMbBM- ;`2i2` i?M 8yW Q7 i?2 iQiH i2KTQ`H vB2H/ i`2M/ `2bmHib 2t+HmbBp2Hv
7`QK i?2 iBKBM; i`2M/X AM ;;`2;i2- i?2 i?`22 T?b2 KQ/2H BM/B+i2b i?i kyW Q7
i?2 K2M iQiH i2KTQ`H i`2M/ Bb  `2bmHi Q7 KM;2K2Mi /DmbiK2Mib r?BH2 QMHv 3W
Bb 7`QK +HBKiB+ +?M;2X hQ;2i?2`- i?2b2 `2bmHib bm;;2bi i?i 7`K2`bǶ /TiiBQMb iQ
i?2B` ?BbiQ`B+H +HBKi2 ?p2 ?/  7` ;`2i2` BM~m2M+2 QM vB2H/b i?M i?2 KQ/2bi M/
bm`T`BbBM;Hv #2M2}+BH +HBKiB+ +?M;2 2tT2`B2M+2/ iQ /i2X



































6B;m`2 jXe, h?`22 T?b2 KQ/2H, +QKTQM2Mib Q7 i?2 iQiH i2KTQ`H vB2H/ i`2M/ aBKBH` iQ
};m`2 jX8 #mi mbBM;  i?`22 T?b2 KQ/2H r?B+? QKBib i?2 /`v/QrM T?b2X V qBi?Qmi i?2 /`v@
/QrM T?b2 QMHv :2Q`;B BM/B+i2b  /2+HBM2 BM vB2H/ b  `2bmHi Q7 iBKBM; i`2M/b M/ h2tb Bb i?2
QMHv bii2 rBi?  bB;MB}+Mi /2+HBM2 BM vB2H/b /m2 iQ +HBKi2 +?M;2X LQi2 i?i E2Mim+Fv- P?BQ
M/ EMbb /Q BM/B+i2 KQ/2bi /2+HBM2bX #V h?2 vB2H/ /2+HBM2 BM :2Q`;B Bb /m2 HKQbi 2MiB`2Hv
iQ i?2 BM+`2b2 BM E..b /m`BM; 2`Hv ;`BM }HHBM;X AHHBMQBb- EMbb- E2Mim+Fv- JBbbQm`B- L2#`bF
M/ S2MMbvHpMB b?Qr KQ/2bi /2+HBM2b 7`QK iBKBM; E..b #mi i?2b2 `2 Qzb2i #v iBKBM; i`2M/
BM+`2b2b BM :..X
h?2 irQ T`BK`v KM;2K2Mi b?B7ib i?i TT2` iQ ?p2 BM~m2M+2/ i?2`KH iBK2
vB2H/ i`2M/b `2 i?2 i`2M/ iQr`/b 2`HB2` THMiBM; M/ HQM;2` ;`BM }HHBM;X "v b?B7iBM;
+mHiBpiBQM 2`HB2` BM i?2 +H2M/` v2` 7`K2`b ?p2 Hi2`2/ i?2 TQ`iBQM Q7 i?2 b2@
bQMH +v+H2 bKTH2/ #v i?2 +`QT i 2+? bm#b2[m2Mi T?b2 Q7 /2p2HQTK2Mi- M/ QM i?2
r?QH2 i?Bb bKTHBM; ?b #2M2}i2/ vB2H/bX h?2 iBKBM; i`2M/b ?p2 ;2M2`HHv #2M2}ii2/
vB2H/b i?`Qm;? BM+`2bBM; 2tTQbm`2 iQ :..b- #mi bBKmHiM2QmbHv E.. 2tTQbm`2 ?b
dk
BM+`2b2/X h?Bb i`/2@Qz Bb QM2 Q7 i?2 HBKBib QM i?2 vB2H/ #2M2}ib 7`QK  +QMiBMm2/ b?B7i
iQr`/b 2`HB2` THMiBM;- r?B+? rBHH HbQ #2 ?KT2`2/ #v b?Q`i2MBM; /vH2M;i? 2`HB2`
BM i?2 v2`8X >Qr2p2`- i?2 ?BbiQ`BH 2pB/2M+2 TT2`b iQ BM/B+i2 i?i r2 ?p2 MQi v2i
`2+?2/ i?2 TQBMi i?i 2`HB2` THMiBM; ;2M2`HHv M2;iBp2Hv z2+ib vB2H/bX aBKBH`Hv- i?2
HQM;2` Kim`BM; p`B2iB2b rBHH QMHv +QMiBMm2 iQ BKT`Qp2 vB2H/b bQ HQM; b i?2 r`K2` +QM@
/BiBQMb M2+2bb`v 7Q` i?2B` Kim`iBQM /QMǶi HbQ #`BM; bm#biMiBH BM+`2b2b BM /K;BM;
i2KT2`im`2bX
jX8 .Bb+mbbBQM M/ *QM+HmbBQMb
;`B+mHim`H `2;BQMb Q7 i?2 1bi2`M la ?p2 bi2/BHv /Dmbi2/ i?2B` /2p2HQTK2Mi b+?2/@
mH2b bBM+2 `2+Q`/ F22TBM; #2;M rBi? /QKBMMi i`2M/b iQr`/b 2`HB2` THMiBM; M/ HQM;2`
;`BM }HHBM;X 6Q` i?2 KQbi T`i i?Bb TT2`b iQ #2 /`Bp2M #v BKT`Qp2K2Mib BM ;`B+mH@
im`H KM;2K2Mi M/ i2+?MQHQ;v M/ MQi  `2bmHi Q7 +HBKi2 +?M;2X h?2b2 ;`QMQKB+
/DmbiK2Mib `2  bm#biMiBH 7`+iBQM Q7 i?2 iQiH i2KTQ`H vB2H/ i`2M/ +`Qbb  MmK#2`
Q7 ?B;?Hv T`Q/m+iBp2 bii2bX h?Bb ?B;?HB;?ib ?Qr bm#biMiBHHv 7`K2`b ?p2 /Dmbi2/
i?2B` /2p2HQTK2Mi b+?2/mH2b iQ i?2 ?BbiQ`B+H b2bQMH +v+H2- M/ T`QpB/2b bQK2 BMbB;?i
BMiQ TQi2MiBH M/ HBKBiiBQMb QM /TiiBQMb iQ  ?Qii2` +HBKi2X S2`?Tb bm`T`BbBM;Hv-
i?2 +HBKiB+ +?M;2 i`2M/b +`Qbb i?2 +Q`M #2Hi ?p2 HbQ #22M  #QQM iQ vB2H/b- i?Qm;?
bm#biMiBHHv H2bb i?M KB;?i ?p2 #22M 2biBKi2/ B7 i?2 ;`QMQKB+ +QKTQM2Mi ?/ MQi
#22M b2T`i2/X
S2`?Tb KQbi BKTQ`iMiHv i?2b2 `2bmHib ?B;?HB;?i i?i T`2/B+iBM; ?Qr +HBKi2 +?M;2
rBHH z2+i +`QT vB2H/b Bb HBF2Hv iQ #2 +QMbB/2`#Hv KQ`2 MmM+2/ i?M ?/ T`2pBQmbHv #22M
2biBKi2/X AM T`iB+mH`- i?2 HBKBib iQ /DmbiK2Mib #v KM;2K2Mid8-de b r2HH b i?2
BMi2`+iBQM #2ir22M b2bQMH +HBKi2 p`B#BHBiv M/ +?M;2R8R-9k rBHH M22/ iQ #2 iF2M
dj
BMiQ ++QmMi r?2M /2p2HQTBM; KQ`2 ++m`i2 7Q`2+bib Q7 +`QT vB2H/bX h`2M/ MHvb2b
r?B+? /Q MQi ++QmMi 7Q` bm+? T?2MQK2M `BbF mM/2`2biBKiBM; i?2 2z2+i Q7  +?M;BM;
+HBKi2 QM +`QT vB2H/b38-39X h?2 ?BbiQ`B+H /DmbiK2Mib BHHmbi`i2/ ?2`2 BM/B+i2 ?Qr #Qi?
+`QT /2p2HQTK2Mi M/ KM;2K2Mi bm#biMiBHHv KQ/2`i2 i?2 2z2+i i?i r2i?2` ?b
QM vB2H/X AM T`iB+mH`- i?2 iBKBM; Q7 i?2 bBHFBM; M/ 2`Hv ;`BM }HHBM; rBM/Qr BM `2HiBQM
iQ i?2 b2bQMH +v+H2 Bb HBF2Hv iQ #2 i H2bi b BKTQ`iMi b ;HQ#H r`KBM; mMiBH i?2
Mi?`QTQ;2MB+ bB;MH Bb bm#biMiBHHv bi`QM;2` Qp2` i?2 1bi2`M laX h?Bb rQ`F bm;;2bib
i?i +QMiBMmBM; iQ 2pHmi2 +?M;2b BM i?2 b2bQMH +v+H2 HQM; rBi? +`QT /2p2HQTK2Mi
rBHH #2 M BKTQ`iMi +QKTQM2Mi Q7 /DmbiBM; KBx2 ;`B+mHim`2 iQ  ?Qii2` rQ`H/X
hF2M iQ;2i?2` i?2b2 `2bmHib 7m`i?2` 2KT?bBx2 i?i /2iBHb Kii2` r?2M +QMbB/2`BM;
i?2 HQM; i2`K BMi2`+iBQM Q7 +`QTb M/ +HBKi2X Jm+? Q7 i?2 ;`B+mHim`HHv `2H2pMi
i2KT2`im`2 i`2M/ Bb i?2 `2bmHi Q7 +iBQMb i?i 7`K KM;2`b ?p2 +QHH2+iBp2Hv mM/2`@
iF2M M/ i?2 `2bmHiBM; /DmbiK2Mib Q7 i?2 ;`QrBM; b2bQMX h?2 iBKBM; Q7 i?2b2 b?B7ib
?b MQi Q++m``2/ #v ++B/2Mi- i?Qm;? i?2`2 Kv biBHH #2 `QQK 7Q` BKT`Qp2K2MiX 6m`@
i?2`KQ`2- i?2 bi`m+im`2 Q7 i?2 i2KT2`im`2 i`2M/b rBi?BM i?2 T?2MQHQ;B+H +v+H2 Q7 i?2
+`QT bmTTQ`ib i?2 bm#biMiBH `QH2 i?i ?mKM ;2M+v ?b THv2/ BM BKT`QpBM; vB2H/b
i?`Qm;? /TiBM; iQ i?2 ?BbiQ`B+H +HBKiQHQ;vX :Bp2M i?i i?2 +HBKiB+ i`2M/ ?b #22M
H`;2Hv #2M2pQH2Mi Qp2` i?2 `2;BQM +QMbB/2`2/ ?2`2 Bi rQmH/ #2 ?B;?Hv BMbi`m+iBp2 iQ
+QM/m+i  bBKBH` MHvbBb Qp2`  `2;BQM r?B+? ?b 2tT2`B2M+2/  ;`2i2` K;MBim/2 Q7
Mi?`QTQ;2MB+ ;HQ#H r`KBM;X
_2/m+BM; vB2H/ HQbb2b 7`QK  r`K2` 2MpB`QMK2Mi Bb  +`BiB+H +QKTQM2Mi Q7 /TiBM;
?mKMFBM/ iQ HB72 QM  ?Qii2` THM2i M/ i?Bb rQ`F b?Qrb ?Qr 7`K2`b ?p2 H`2/v
/Ti2/ i?2B` THMiBM; b+?2/mH2b iQ BKT`Qp2 vB2H/b BM ++Q`/ rBi? i?2 T?vbBQHQ;B+H b2M@
bBiBpBiv Q7 i?2B` +`QTbX h?2 biiBbiB+H KQ/2H TTHB2/ ?2`2 Kv T`Qp2 mb27mH BM 7+BHBiiBM;
7mim`2 /TiiBQMb #v #`B/;BM; i?2 mM/2`biM/BM; Q7 i?2 bBKTH2` KQ/2Hb r?B+? QT2`i2
d9
i #`Q/2` b+H2b M/ i?2 +QKTH2tBiv Q7 }2H/ b+H2 bim/B2bX
jXe AQr *b2 aim/v
hQ BM/B+i2 ?Qr bm#biMiBHHv /2p2HQTK2Mi /i2b Kv b?B7i 2tTQbm`2 iQ i?2 b2bQMH
+v+H2- i?2 T?b2b Q7 AQr M/ i?2 +HBKiQHQ;v 7`QK aiQ`v *QmMiv `2 /BbTHv2/ BM 6B;X jXdX
h?2b2 };m`2b BM/B+i2 i?2 +`27mH #HM+2 #2ir22M 2`Hv THMiBM; H2/BM; iQ  HQM; r`K
Hi2 ;`BM }HHBM; T2`BQ/ M/ M 2`Hv ;`BM }HHBM; T2`BQ/ 7HHBM; /m`BM;  T`iB+mH`Hv ?Qi
TQ`iBQM Q7 i?2 b2bQMX h?Bb Bb 2pB/2Mi BM 6B;X jXd# r?B+? b?Qrb i?2 /2p2HQTK2Mi +v+H2b
7Q` i?2 2`HB2bi M/ Hi2bi THMiBM; /i2b BM AQrX h?2 2`HB2bi `2+Q`/2/ THMiBM; +K2
BM kyRk M/ i?Bb HB;M2/ i?2 KQbi b2MbBiBp2 TQ`iBQM Q7 i?2 /2p2HQTK2Mi +v+H2 rBi? i?2
r`K2bi T2`BQ/ BM i?2 +HBKiQHQ;vX 7i2` i?2 +`QT rb /K;2/ #v i?Bb 2tTQbm`2 i?2
HQM; r`K ;`BM }HHBM; T2`BQ/ rb Q7 HBiiH2 #2M2}iX






































































6B;m`2 jXd, AQr /2p2HQTK2Mi M/ +HBKiQHQ;v h?2 /2p2HQTK2Mi /i `2 T`2b2Mi2/ b i?2
7`+iBQM Q7 i?2 bii2 BM 2+? T?b2 Q7 /2p2HQTK2Mi- ++Q`/BM; iQ i?2 v@tBb QM i?2 H27i bB/2X h?2
+QHQ` Q7 2+? /2p2HQTK2Mi T?b2 Bb b 7QHHQrb, p2;2iiBp2- ;`22Mc 2`Hv ;`BM }HHBM;- `2/c Hi2 ;`BM
}HHBM;- K;2Mic /`v/QrM- #H+FX aBKBH`Hv i?2 /b?2/ HBM2b +Q``2bTQM/ iQ i?2 +HBKiQHQ;v BM aiQ`v
*QmMiv- A rBi? `2/ i?2 KtBKmK i2KT2`im`2 M/ #Hm2 i?2 KBMBKmK i2KT2`im`2- M/ `2T`2@
b2Mi2/ #v i?2 `B;?i bB/2 v@tBbX V h?2 p2`;2 /2p2HQTK2Mi M/ +HBKiQHQ;v BM A M/ aiQ`v
*QmMivX #V h?2 2`HB2bi THMiBM; /i2b UbQHB/, J`+? kei?- kyRkV M/ i?2 Hi2bi THMiBM; /i2b
U/Qi@/b?2/, T`BH kR- kyy3VX LQi2 ?Qr i?2 kyRk THMiBM; HBM2/ mT i?2 b2MbBiBp2 2`Hv ;`BM }HHBM;
T?b2 rBi? i?2 T2F Q7 i?2 +HBKiQHQ;v- +QMi`B#miBM; iQ bm#biMiBHHv HQr2` vB2H/bX
d8
4
JQ/2HBM; vB2H/ HQbb /m`BM; ?BbiQ`B+ ?2i
rp2b
9XR #bi`+i
>Qi i2KT2`im`2b `2 FMQrM iQ M2;iBp2Hv z2+i KBx2 vB2H/- M 2z2+i i?i ?b #22M
/2b+`B#2/ mbBM; bBKTH2 HBM2` biiBbiB+H KQ/2Hb /2T2M/BM; QM i?2 bmK Q7 +mKmHiBp2
de
i2KT2`im`2b #Qp2 bT2+B}2/ i?`2b?QH/bX >2`2 r2 +QKT`2 i?2 T2`7Q`KM+2 Q7  bmBi2
Q7 bm+? biiBbiB+H KQ/2Hb BM i?2 +QMi2ti Q7 la KBx2 vB2H/ 7`QK RN3R@kyR9 rBi?  7Q+mb
QM /2b+`B#BM; i?2 `2bTQMb2 /m`BM; i?2 ?2irp2b Q7 RN3j- RN33- M/ kyRkX JQ/2Hb
2KTHQvBM;  mMB7Q`K i2KT2`im`2 b2MbBiBpBiv +`Qbb i?2 ;`QrBM; b2bQM Q` +`Qbb H`;2
bTiBH /QKBMb ;2M2`HHv mM/2`2biBKi2 vB2H/ HQbb 7`QK i?2b2 ?2irp2b- T`iB+mH`Hv
kyRkX lbBM; +mKmHiBp2 pTQ` T`2bbm`2 /2}+Bi b M Hi2`MiBp2 2MpB`QMK2MiH K2i`B+
/Q2b MQi `2/m+2 i?2b2 KQ/2H@/i /Bz2`2M+2bX .Bz2`2M+2b `2 `2+QM+BH2/- ?Qr2p2`- r?2M
?B;?2` bTiBH M/ i2KTQ`H /i `2 TTHB2/ mb2/ BM  KQ/2H rBi? p`B#H2 i2KT2`im`2
b2MbBiBpBiv +`Qbb ;`Qri? T?b2bX h?2b2 `2bmHib bm;;2bi i?i i2KTQ`HHv M/ bTiBHHv
`2bQHp2/ biiBbiB+H KQ/2Hb `2 BKTQ`iMi 7Q` ++m`i2 `2T`2b2MiiBQM Q7 i?2 +QMb2[m2M+2b
Q7 ?2i rp2bX
9Xk AMi`Q/m+iBQM
Ai Bb r2HH 2bi#HBb?2/ i?i KBx2 vB2H/ Bb ?B;?Hv +Q``2Hi2/ rBi? i2KT2`im`2 p`B#BHBiv-
T`iB+mH`Hv ?Qi i2KT2`im`2bRRy-k9-R9yX h?Bb `2HiBQMb?BT Bb Q7i2M `2T`2b2Mi2/ BM bBK@
TH2 biiBbiB+H KQ/2Hb rBi?  }t2/ vB2H/ b2MbBiBpBiv iQ +mKmHiBp2 i2KT2`im`2b #Qp2
 +2`iBM i?`2b?QH/R9y-38-R3X Pi?2` bim/B2b- ?Qr2p2`- ?p2 ?B;?HB;?i2/ ?Qr b2MbBiBpBiv
p`B2b Qp2` i?2 +Qm`b2 Q7 i?2 ;`QrBM; b2bQMRR8-RRe-Ry-Rj3-ky- rBi? i?2 i`MbBiBQM 7`QK i?2
p2;2iiBp2 /2p2HQTK2MiH T?b2 BMiQ i?2 `2T`Q/m+iBp2 T?b2 ;2M2`HHv BM/B+i2/ b i?2
KQbi b2MbBiBp2 BMi2`pHX o`BiBQMb BM b2MbBiBpBiv +`Qbb bT+2 ?p2 HbQ #22M B/2MiB@
}2/Rjy-Rkd-R3-ky- r?2`2 +mHiBp` b2H2+iBQM M/ KM;2K2Mi T`+iB+2b BM +HBKiQHQ;B+HHv
?Qii2` `2;BQMb 2pB/2MiHv +QM72` HQr2` b2MbBiBpBiv iQ ?B;? i2KT2`im2bX
aBKTH2 biiBbiB+H KQ/2Hb ?p2 HbQ 2KTHQv2/  `M;2 Q7 2tTHMiQ`v p`B#H2b iQ BM/B@
+i2 vB2H/ HQbb2bX JMv bim/B2b ?p2 K2bm`2/ /K;BM; 2MpB`QMK2MiH +QM/iBQMb rBi?
dd
i?2 +mKmHiBp2 bmK Q7 i2KT2`im2b #Qp2  i?`2b?QH/RRy-k9-R9y-38-RRe-R3- r?2`2b Qi?2`b
?p2 mb2/ pTQ` T`2bbm`2 /2}+Bi b  T`2/B+iQ` Q7 i?2 M2;iBp2 2z2+ib Q7 i2KT2`im`2
M/ /`Qm;?i QM +`QTb33-3jX oTQ` T`2bbm`2 /2}+Bi ++QmMib 7Q` #Qi? +?M;2b BM #bQHmi2
?mKB/Biv M/ i2KT2`im`2- M/- i?2`27Q`2- Bb TQi2MiBHHv  KQ`2 +QKTH2i2 BM/B+iQ` Q7
bi`2bbX Pi?2` +?M;BM; 2MpB`QMK2MiH 7+iQ`b BKTHB+i2/ BM vB2H/ HQbb2b BM+Hm/2 QxQM2
2tTQbm`23R-R88- r?B+? Kv HbQ BMi2`+i rBi? 2H2pi2/ i2KT2`im`2bX >2`2 r2 7Q+mb QM














































6B;m`2 9XR, J2M la JBx2 uB2H/X 1+? #H+F +B`+H2 BM/B+i2b K2M la vB2H/b 7Q`  ;Bp2M v2`X
h?2 `2/ ?B;?HB;?i2/ TQBMib `2 i?2 i?`22 v2`b ?B;?HB;?i2/ BM i?2 i2ti rBi? bm#biMiBH HQbb2b 7`QK
?2i r?BH2 i?2 #Hm2 ?B;?HB;?i2/ TQBMi bmz2`2/ bm#biMiBH vB2H/ HQbb2b 7`QK ~QQ/BM;X h?2 /b?2/
HBM2 BM/B+i2b i?2 HBM2` }i #2ir22M vB2H/ M/ iBK2- r?B+? Bb  `2bmHi Q7 ;`QMQKB+ M/ +mHiBp`
BKT`Qp2K2Mib M/ /DmbiK2Mib BM THMiBM; M/ /2p2HQTK2Mi iBKBM; r?B+? ?p2 KQ/mHi2/ i?2
i2KT2`im`2 2tT2`B2M+2/ #v i?2 +`QTX
h?2 `2+2Mi `2+Q`/ Q7 p2`;2 la KBx2 vB2H/ U};X 9XRV BM/B+i2b 7Qm` v2`b Q7 2t+2T@
d3
iBQMH HQbbX uB2H/ HQbb2b BM RN3j- RN33- RNNj- M/ kyRk r2`2 `2bT2+iBp2Hv kkW- k8W- R3W-
M/ kRW #2HQr i?2 2tT2+i2/ i`2M/ #2ir22M RN3R@kyR9X LQi2 i?i i?2b2 T2`+2Mi;2b `2
2z2+iBp2Hv HQr2` #QmM/b #2+mb2 +QmMiB2b MQi `2TQ`iBM; Mv ?`p2bi /Q MQi };m`2 BMiQ
i?2 p2`;2bX P7 i?2b2 7Qm` v2`b- HH #mi RNNj +QBM+B/2 rBi? 2t+2TiBQMHHv ?B;? i2K@
T2`im`2b +`Qbb i?2 la +Q`M #2Hi- 2ti2M/BM; 7`QK L2#`bF BM i?2 q2bi iQ P?BQ BM i?2
1biX h?2 vB2H/ HQbb2b BM RNNj r2`2  `2bmHi Q7 2ti`2K2 ~QQ/BM;e9 M/ `2 MQi 7m`i?2`
+QMbB/2`2/- 2t+2Ti iQ MQi2 i?i +?M;2b BM T`2+BTBiiBQM Kv HbQ #2 2tT2+i2/e3-RR9-RRjX
>2`2 r2 bim/v i?2 vB2H/ `2bTQMb2 /m`BM; RN3j- RN33- M/ kyRk mbBM;  `M;2 Q7 biiBb@
iB+H KQ/2Hb p`BQmbHv `2T`2b2MiBM; bTiBH M/ i2KTQ`H p`BiBQMb BM vB2H/ b2MbBiBpiv-
b r2HH b p`BQmb `2T`2b2MiiBQMb Q7 2MpB`QMK2MiH bi`2bb- BM Q`/2` iQ /2i2`KBM2 r?B+?
`2T`2b2MiiBQMb `2 KQbi /2[mi2 7Q` /2b+`B#BM; vB2H/ Qmi+QK2b /m`BM; i?2b2 2ti`2K2
v2`bX
9Xj .i M/ J2i?Q/b
h?2 KQbi #bB+ /BbiBM+iBQM BM+Q`TQ`i2/ BMiQ HH `2T`2b2MiiBQMb i?i r2 +QMbB/2` Bb
#2ir22M KBH/ #2M2}+BH i2KT2`im`2b M/ ?B;? /K;BM; i2KT2`im`2bX h2KT2`im`2
/i `2 7`QK lMBi2/ aii2b >BbiQ`B+H *HBKiQHQ;v L2irQ`F Ula>*LV r2i?2` biiBQMb
BM i?2 :HQ#H >BbiQ`B+H *HBKiQHQ;v L2irQ`FRyR 7`QK RN3RĜkyR9X AMi2`TQHiBQM Bb iQ
i?2 +QmMiv H2p2H i?`Qm;?  .2HmMv h`BM;mHiBQMRkX *QmMiB2b rBi? ;`2i2` i?M RyW
Q7 i?2B` ?`p2bi2/ `2 B``B;i2/ ++Q`/BM; iQ i?2 7Qm` RNNd@kyRk +2Mbmb2b Q7 ;`B+mHim`2
`2 `2KQp2/ 7`QK i?2 MHvbBb b i?2v `2 FMQrM iQ #2 bB;MB}+MiHv H2bb b2MbBiBp2 iQ
i2KT2`im`2R3- r?B+? 2HBKBMi2b *QHQ`/Q M/ `2/m+2b i?2 bii2b MHvx2/ iQ Re M/
i?2 iQiH +QmMiB2b iQ RR3dX
>2i mMBi K2i`B+b `2 mb2/ iQ T`2/B+i vB2H/- rBi?  T`Q+2/m`2 B/2MiB+H iQ +?Ti2`
dN
kX JBH/- #2M2}+BH i2KT2`im`2b `2 [mMiB}2/ mbBM; ;`QrBM; /2;`22 /vb U:..bV- 
+QKKQM K2i`B+ 7Q` i`+FBM; +`QT /2p2HQTK2MiX :..b `2 +H+mHi2/ b i?2 bmK Qp2`
 b2H2+i2/ BMi2`pH Q7 /vb Q7 /BHv ?2i mMBib- GDDd- r?B+? `2 /2}M2/ BM ++Q`/M+2
rBi?R-
GDDd =






TKt-/ B7 THQr < TKt-/ < T?B;?,
THQr B7 TKt-/ ≤ THQr,
T?B;? B7 TKt-/ ≥ T?B;?.
U9XkV
T ∗KBM-/ Bb /2}M2/ rBi? 2[mBpH2Mi i?`2b?QH/b iQ T ∗Kt-/X THQr Bb b2i iQ N◦* M/ T?B;? iQ
kN◦*- +HQb2 iQ i`/BiBQMH pHm2b 7Q` :..bRX :..b `2 BMi2`T`2i2/ b BM+`2bBM; vB2H/
i?`Qm;? #2M2}iBM; i?2 bm++2bb7mH /2p2HQTK2Mi Q7 HQM;2` Kim`BM; +mHiBp`bX
.K;BM; ?2i mMBib `2 [mMiB}2/ b FBHHBM; /2;`22 /vb UE..V BM  KMM2` bBKBH`
iQ i?i Q7 :..b-
E..d =
⎧⎪⎨⎪⎩ TKt − T?B;?, B7 TKt > T?B;?,0, B7 TKt ≤ T?B;?. U9XjV
h?2 mb2 Q7  T?B;? pHm2 Q7 29◦* ++QmMib 7Q` i2KT2`im`2b #Qp2 M QTiBKH i?`2b?QH/-
b r2HH b 7Q` i?2 TQbbB#BHBiv Q7 /K;2 i?`Qm;? /2bB++iBQM Q` ++2H2`i2/ /2p2HQTK2MiX
h?Bb pHm2 Bb HbQ +HQb2 iQ  MmK#2` Q7 T`2pBQmb biiBbiB+H bim/B2b /2b+`B#BM; i?2 2z2+i Q7
2H2pi2/ i2KT2`im`2b QM vB2H/ r?B+? mb2/ pHm2b `M;BM; #2ir22M kNĜjk◦*Xk9-R9y-38-R3-e8X
i?2 la.fLaa ?b /2p2HQTK2Mi /i i?i HHQrb 7Q` +QMbi`BMBM; /Bz2`2MiBH b2M@
bBiBpBiv +`Qbb i?2 ;`QrBM; b2bQMX h?2`2 `2 /i pBH#H2 iQ /BbiBM;mBb? bBt bi;2b Q7
+`QT /2p2HQTK2Mi r?B+? `2 ;;`2;i2/ BMiQ i?2 7QHHQrBM; 7Qm` T?b2b, p2;2iiBp2- 2`Hv
3y
;`BM }HHBM;- Hi2 ;`BM }HHBM;- M/ /`v/QrMX h?2 T`Q+2/m`2 Bb B/2MiB+H iQ i?i BM +?T@
i2`b k M/ jX h?2 /2p2HQTK2MiH /i `2 pBH#H2 7`QK RN3R@kyR9 7Q` HH Re bii2b BM
i?2 bim/v 2t+2Ti 7Q` h2tb URN38@kyR9V M/ :2Q`;B URN3R@RNNNVX h?2 /i `2 `2TQ`i2/
b T2`+2Mi;2b Q7 iQiH +`2;2 ?pBM; iiBM2/  T`iB+mH` bi;2 Q7 /2p2HQTK2Mi M/
i?2 `2TQ`ib `2 Bbbm2/ QM  r22FHv #bBbX h?2 r22FHv /i `2 +QMp2`i2/ iQ 7`+iBQMb
M/ BMi2`TQHi2/ iQ /BHv pHm2b- Cs,d- r?B+? BM/B+i2 i?2 +mKmHiBp2 7`+iBQM Q7 +`QT BM
 ;Bp2M bi;2- s- QM /v- dX A7 i?2 /i /Q MQi 2ti2M/ iQ y Q` R- i?2v `2 HBM2`Hv 2t@
i`TQHi2/ iQ i?2b2 2M/ pHm2b BM /D+2Mi r22FbX h?2 +mKmHiBp2 /Bbi`B#miBQMb Q7 2+?
/2p2HQTK2Mi bi;2 `2 +QMp2`i2/ BMiQ BMbiMiM2Qmb /BHv 7`+iBQMb Q7 i?2 BMi2`p2MBM;
T?b2 #v bm#i`+iBM; i?2 iQiH 7`+iBQM Q7 +`2;2 BM i?2 7QHHQrBM; bi;2 Q7 /2p2HQTK2Mi-
Pp,d = (Cs,d −Cs+1,d)X Pp,d Bb i?2 7`+iBQM Q7 i?2 THMi2/ `2 BM 2+? bii2 rBi?BM 2+?
T?b2- pX
h?2 bii2 H2p2H /i `2 +QKTH2K2Mi2/ #v ?B;? `2bQHmiBQM /2p2HQTK2Mi M/ vB2H/ /i
BM AQr- r?B+? `2 pBH#H2 #2ir22M RNN9@kyRkX h?2 bii2 Bb /BpB/2/ BMiQ MBM2 ;`B+mH@
im`H /Bbi`B+ib 7Q` r?B+? 2B;?i bi;2b Q7 +`QT /2p2HQTK2Mi `2 /BbiBM;mBb?2/, THMiBM;-
2K2`;2/- ibb2HBM;- bBHFBM;- KBHFBM;- /Qm;?BM;- /2Mi2/- Kim`2X aii2 H2p2H ?`p2bi2/
/i BM/B+i2 i?2 2M/ Q7 i?2 ;`QrBM; b2bQMX h?2 MBM2 bi;2b `2 mb2/ iQ /2i2`KBM2
2B;?i T?b2b Q7 +`QT /2p2HQTK2Mi- BM  KMM2` MHQ;Qmb rBi? i?i Q7 i?2 bii2 H2p2H
/iX >Qr2p2`- i?2 bi;2b Q7 ibb2HBM; M/ bBHFBM; `2[mB`2 bT2+BH ii2MiBQM b i?2v Q++m`
Qp2` bBKBH` T2`BQ/b Q7 iBK2X b  `2bmHi #Qi? `2 +mi@Qz rBi? i?2 KBHFBM; bi;2X h?Bb
`2bmHib BM i2KT2`im`2 pHm2b #2BM; +QmMi2/ irB+2 +`Qbb i?Bb T2`BQ/ Q7 iBK2- #mi i?Bb
Bb M2+2bb`v iQ /BbiBM;mBb? i?2b2 irQ T2`BQ/b BM i?2 +`QTǶb /2p2HQTK2MiX AQr /i i?mb
?p2 MBM2 iBK2b i?2 bTiBH `2bQHmiBQM M/ irB+2 i?2 i2KTQ`H `2bQHmiBQM Q7 i?2 KQ`2
rB/2Hv pBH#H2 bii2 H2p2H /i- i?Qm;? i?2B` b?Q`i2` iBK2 BMi2`pH M2+2bb`BHv QKBib
i?2 ?Qi v2`b Q7 RN3j M/ RN33- `2bi`B+iBM; i?2 KQ/2Hb iQ i?2 ?Qi v2` Q7 kyRkX h?2
3R
2B;?i T?b2b Q7 +`QT /2p2HQTK2Mi `2 i?2M bi2/BHv `2/m+2/ M/ +QK#BM2/ iQ T`Q/m+2 
`M;2 Q7 KQ/2HbX
M Hi2`Mi2 Q` +QKTHBK2Mi`v K2bm`2 Q7 2MpB`QMK2MiH bi`2bb Bb pTQ` T`2bbm`2
/272+Bi UoS.VX oS. Bb +H+mHi2/ ++Q`/BM; iQ i?2 biM/`/ H;Q`Bi?K 2KTHQv2/ #v i?2









rBi? T BM *2HbBmb- M/ es BM FSX .BHv p2`;2 pTQ` T`2bbm`2- ea- Bb i?2M 2biBKi2/ b
i?2 bBKTH2 p2`;2 Q7 i?2 bim`iBQM pTQ` T`2bbm`2 i i?2 ?B;?2bi M/ HQr2bi i2KT2`@











Hi?Qm;? +H2`Hv QMHv TT`QtBKi2- i?Bb `2T`2b2MiiBQM ?b i?2 /pMi;2 Q7 QMHv `2@
[mB`BM; /BHv KBMBK M/ KtBKX oTQ` T`2bbm`2 /2}+Bi Bb i?2M +H+mHi2/ b-
oS.(T,RH) = es(Tavg)− ea(Tavg), U9XeV
r?2`2 es(Tavg) Bb TT`QtBKi2/ b (es(Tmax)+ es(Tmin))/2X  +mKmHiBp2 oS. K2i`B+-
/2}M2/ b +oS. 4 ∑dVPDd- Bb 2KTHQv2/ iQ ;m;2 2MpB`QMK2MiH bi`2bb- r?2`2 i?2
bmK Bb iF2M Qp2` HH /vb Q7 i?2 ;`QrBM; b2bQM Q` `2H2pMi /2p2HQTK2Mi T?b2X
Hi2`MiBp2Hv-  K2i`B+ 7Q` oS. r?2`2#v i?2 `2HiBp2 ?mKB/Biv /i `2 QKBii2/ ?b
#22M mb2/33 M/ i?2M oS. Bb +H+mHi2/ bQH2v b  7mM+iBQM Q7 i2KT2`im`2-
oS.(T ) = es(Tmax)− es(Tmin). U9XdV
3k
h?Bb 7Q`KmHiBQM ?b i?2 /pMi;2 Q7 KQ`2 i?M /Qm#HBM; i?2 pBH#H2 v2`b M/
[m/`mTHBM; i?2 pBH#H2 r2i?2` biiBQMbX
q2i?2` biiBQMb r?B+? `2+Q`/ ?mKB/Biv 7`QK i?2q2i?2` "m`2m `Kv@Lpv Uq"LVRyN
M2irQ`F `2 mb2/ iQ +QKT`2 i?2 irQ oS. K2i`B+b- rBi? /i pBH#H2 #2ir22M RN39Ĝ
RNNd- 2t+2Ti BM h2tb r?2`2 `2+Q`/b #2;BM BM RN38X aBKBH` iQ i?2 la>*L r2i?2`
biiBQMb- q"L biiBQMb `2 M2`2bi M2B;?#Q` BMi2`TQHi2/ BM iBK2 M/ iQ 2+? +QmMiv
BM Q`/2` iQ +H+mHi2 oS.X h?2 i2KT2`im`2@QMHv oS. 2biBKi2 ?b  +`Qbb@+Q``2HiBQM
rBi? i?2 biM/`/ 6P TT`Q+? Q7 yXNj r?2M p2`;2/ +`Qbb i?2 RRj q"L biiBQMb
rBi?BM i?2 bii2b Q7 i?Bb bim/vX PKBiiBM; `2HiBp2 ?mKB/Biv- ?Qr2p2`- H2/b iQ oS.
2biBKi2b rBi? biM/`/ /2pBiBQMb i?i `2 Qp2` RX8 iBK2b ;`2i2` i?M i?2 6P pHm2b-
r?B+? r?2M TTHB2/ BM  HBM2` KQ/2H rQmH/ i2M/ iQ #Bb i?2 b2MbBiBpBiv T`K2i2`b HQrX
HH Q7 i?2 bTiBH M/ i2KTQ`H b+H2b /2b+`B#2/ `2 +QK#BM2/ rBi? i?2 vB2H/ K2i`B+b














Yy,c `2T`2b2Mib i?2 vB2H/ BM +QmMiv c M/ v2` y 2tT`2bb2/ BM K2i`B+ iQMb T2` ?2+i`2
Uif?VX h?2 β0,c i2`K Bb  +QmMiv /2T2M/2Mi BMi2`+2Ti- r?2`2b Qi?2` β i2`Kb `2 mMB@
7Q`K +`Qbb 2+? bii2 Q` ;`B+mHim`H /Bbi`B+i- iX A7 i?2 i bm#b+`BTi Bb QKBii2/- i?2M bTiBH
p`BiBQM BM b2MbBiBpBiv Bb B;MQ`2/ M/ i?2 KQ/2H `2T`2b2Mib M 2MiB`2 }2H/- mbmHHv i?2
1bi2`M laX h?2 β1,i i2`K Bb  i2KTQ`H i`2M/ iQ BM+Q`TQ`i2 i?2 `M;2 Q7 KQ/B}+iBQMb
i?i ?p2 BKT`Qp2/ vB2H/ Qp2` i?Bb iBK2 T2`BQ/X h?2 T`BK2b QM i?2 :..′y,c,p- E..′y,c,p-
M/ +oS.′y,c,p i2`Kb BM/B+i2 i?i i?2 K2M ?b #22M `2KQp2/X h?2 b2MbBiBpBiv T@
`K2i2`b `2 HHQr2/ iQ p`v Qp2` 2+? T?b2- p- 7`QK 1 iQ N X h?2 pHm2b 7Q` T?b2b
Kv BM/B+i2  bBM;H2 r?QH2 b2bQM- N = 1- i?2 7Qm` T?b2b pBH#H2 i i?2 bii2 H2p2H
3j
N = 4- Q` p`BQmb bm#b2ib Q7 T?b2 7Q` i?2 AQr /iX aBKBH`Hv- i?2 /K;2 K2i`B+ Bb
/2i2`KBM2/ #v b2iiBM; β3,i,p Q` β4,i,p 2[mH iQ yX
h?2 b+H2 Qp2` r?B+? i?2 KQ/2H Bb TTHB2/ `2 bmKK`Bx2/ BM };X 9XkX
9X9 _2bmHib
9X9XR uB2H/ M/ E.. .Bbi`B#miBQMb M/ JTb
hQ /2i2`KBM2 i?2 H2p2H Q7 KQ/2H +QKTH2tBiv M22/2/ iQ T`Q/m+2 mM#Bb2/ 2biBKi2b /m`BM;
i?2b2 2ti`2K2 2p2Mib r2 rBHH +QMbB/2`  +QHH2+iBQM Q7 KQ/2Hb r?B+? p`v i?2 bTiBH
M/ i2KTQ`H `2bQHmiBQM Q7 i?2B` i2KT2`im`2 b2MbBiBpBivX >Qr2p2`- #27Q`2 Tm`bmBM; i?2
/2iBHb Q7 i?2b2 KQ/2Hb Bi Bb mb27mH iQ 2tKBM2 i?2 /2[m+v Q7 E.. b  bBKTH2 HBM2`
T`2/B+iQ` Q7 vB2H/X h?i bm+?  bBKTH2 `2T`2b2MiiBQM Kv #2 bm{+B2Mi Bb bmTTQ`i2/ #v
 +HQb2 +Q``2bTQM/2M+2 #2ir22M i?2 TQbBiBp2Hv bF2r2/ /Bbi`B#miBQM Q7 E.. MQKHB2b
M/ M2;iBp2Hv bF2r2/ /Bbi`B#miBQM Q7 /2i`2M/2/ vB2H/b- };X 9XjX h?2 vB2H/ ;2M2`i2/ #v
i?2 HBM2` KQ/2Hb i?i r2 +QM}M2 Qm`b2Hp2b iQ +QMbB/2`BM; rBHH M2++2bb`BHv T`Q/m+2 
/Bbi`B#miBQM i?i Bb  HBM2` +QK#BMiBQM Q7 i?2 T`2/B+iQ` p`B#H2 /Bbi`B#miBQMb- KFBM;
i?2 +Q``2bTQM/2M+2 BM E.. M/ vB2H/ /Bbi`B#miBQMb M BKTQ`iMi BM/B+iBQM i?i i?2
KQ/2H ?b i?2 TQi2MiBH iQ +Tim`2 2ti`2K2 HQbb2b BM vB2H/X
h?2 +Q``2bTQM/2M+2 #2ir22M E..b M/ vB2H/ HQbb2b BM i?2 i?`22 ?Qii2bi v2`b Bb
`2BM7Q`+2/ #v i?2 bTiBH Tii2`M Q7 vB2H/ HQbb M/ 2H2pi2/ i2KT2`im`2b BM/B+i2/ #v
};X 9X9X h?2b2 ?2i 2p2Mib `2 ;2M2`HHv +2Mi2`2/ QM AQr M/ AHHBMQBb- M/ 2ti2M/ 7m`i?2`
r2bi i?M 2bi- rBi? RN33 HbQ `2+?BM; 7m`i?2` MQ`i?X aTiBHHv- i?2 +Q``2HiBQMb `2
[mBi2 ?B;? #2ir22M i?2 /2i`2M/2/ vB2H/ M/ E.. MQKHB2b rBi? S2`bQMǶb +Q``2HiBQM
+Q2{+B2Mib Q7 @yXdR- @yX8N- M/ @yXdd 7Q` RN3j- RN33- M/ kyRk `2bT2+iBp2HvX h?2 bBKBH`Biv
Q7 i?2 bTiBH Tii2`Mb +QmTH2/ rBi? i?2 +Q``2bTQM/2M+2 Q7 i?2 /Bbi`B#miBQMb bm;;2bib i?i
39









































































































6B;m`2 9Xk, aTiBH M/ i2KTQ`H b+H2b Q7 MHvbBb A/2MiB+H +QHQ`b BM/B+i2 r?2`2 i2KT2`@
im`2 b2MbBiBpBiv pHm2b rQmH/ #2 i?2 bK2 V 6Bt2/ i2KT2`im`2 b2MbBiBpBiv +`Qbb bT+2X #V 6Bt2/
i2KT2`im`2 b2MbBiBpBiv +`Qbb iBK2X +V aii2 b+H2 bTiBHHv p`B#H2 i2KT2`im`2 b2MbBiBpBivX /V
aii2 b+H2 i2KTQ`HHv p`B#H2 b2MbBiBpBivX 2V ;`B+mHim`H /Bbi`B+i b+H2 bTiBHHv p`B#H2 b2MbBiBp@
BivX 7V ;`B+mHim`H /Bbi`B+i b+H2 i2KTQ`HHv p`B#H2 b2MbBiBpBivX >2`2 i?2 #Hm2 /b?2/ HBM2b rQmH/
?p2 /Bz2`BM; b2MbBiBpBiv- #mi #Qi? i?2 SHMi2/ M/ Jim`2 T?b2b `2 MQi M2+2bb`v 7Q` M /2@
[mi2 KQ/2HX aBKBH`Hv i?2 i?`22 ;`22M T?b2b `2 i?2 +QKTQM2Mib Q7 i?2 ;`BM }HHBM; T?b2- r?B+?
T`QpB/2 i?2 H2bi #Bb2/ 2biBKi2b r?2M +QK#BM2/ BMiQ  bBM;H2 T?b2X
38
























6B;m`2 9Xj, EBHHBM; /2;`22 /vb M/ /2i`2M/2/ vB2H/X V h?2 F2`M2H bKQQi?2/ /Bbi`B#miBQMb Q7
/2i`2M/2/ vB2H/ M/ E.. BM/B+i2 i?2 +HQb2 +Q``2bTQM/2M+2 #2ir22M i?2b2 [mMiBiB2bX LQi2 i?i
BM Q`/2` iQ ?B;?HB;?i i?Bb `2HiBQMb?BT i?2 #+Bbb ?b #22M `2p2`b2/ 7Q` i?2 vB2H/ /Bbi`B#miBQM- bm+?
i?i HQr vB2H/ v2`b ?p2  TQbBiBp2 biM/`/ /2pBiBQMX
E.. Qp2` i?2 r?QH2 ;`QrBM; b2bQM b?QmH/ #2 M /2[mi2 T`2/B+iQ` Q7 vB2H/ HQbbX
9X9Xk o`vBM; h2KTQ`H a2MbBiBpBiv
hQ #2;BM i2biBM; i?2 /2[m+v Q7 KQ/2Hb BM +Tim`BM; vB2H/ /2+HBM2b /m`BM; ?2i rp2b
bTiBHHv BMp`BMi KQ/2Hb `2 i2bi2/ }`bi- i?2 i bm#b+`BTib `2 QKBii2/ BM 1[ 9X3X h?2
KDQ`Biv Q7 bim/B2bRjN-R9y-38 2KTHQvBM; `2;`2bbBQM KQ/2Hb rBi? b2MbBiBpBiv iQ 2ti`2K2 i2K@
T2`im`2 /Q MQi HHQr b2MbBiBpBiv iQ p`v Qp2` bT+2 M/ i?Bb KQ/2H Bb KQbi +QKT`#H2
iQ i?Qb2X h?2 bBKTH2bi bm+? KQ/2H rBi? E.. b i?2 K2i`B+ Q7 2ti`2K2 i2KT2`im`2b
HbQ ?b  }t2/ i2KT2`im`2 b2MbBiBpBiv +`Qbb iBK2X JQ`2 7Q`KHHv- β4,i,p Bb b2i iQ x2`Q
BM 1[ 9X3 M/ N = 1X  KQ`2 +QKTHB+i2/ KQ/2H HHQrb i?2 i2KT2`im`2 b2MbBiBpBiv
iQ p`v Qp2` iBK2- L= 4- bBKBH` iQRRe-RyX h?2 iBK2 p`vBM; M/ BMp`BMi KQ/2Hb `2
}`bi +QKT`2/ #v ;`QmTBM; HH +QmMiv v2`b iQ;2i?2`X h?2M 2+? /2p2HQTK2Mi T?b2 Bb
/BpB/2/ BMiQ bm#;`QmTb #b2/ QM i?2 MQKHv Q7 E.. 2tT2`B2M+2/X h?2b2 MQKHB2b
`2 Hrvb iF2M `2HiBp2 iQ i?2 HQ+H K2M bm+? i?i M MQKHQmbHv ?Qi v2` BM h2tb
3e
  a)
 110 ° W 
 100° W   90° W   80
° W 
 30 ° N 
 40 ° N 
 50 ° N 
1983 KDD Anomaly
−200 −150 −100 −50 0 50 100 150 200
 
 b)
 110 ° W 
 100° W   90° W   80
° W 
 30 ° N 
 40 ° N 
 50 ° N 
1983 Detrended Yield Anomaly [t/ha]
−3 −2 −1 0 1 2 3
 
 c)
 110 ° W 
 100° W   90° W   80
° W 
 30 ° N 
 40 ° N 
 50 ° N 
1988 KDD Anomaly
−200 −150 −100 −50 0 50 100 150 200
 
 d)
 110 ° W 
 100° W   90° W   80
° W 
 30 ° N 
 40 ° N 
 50 ° N 
1988 Detrended Yield Anomaly [t/ha]
−3 −2 −1 0 1 2 3
 
 e)
 110 ° W 
 100° W   90° W   80
° W 
 30 ° N 
 40 ° N 
 50 ° N 
2012 KDD Anomaly
−200 −150 −100 −50 0 50 100 150 200
 
 f)
 110 ° W 
 100° W   90° W   80
° W 
 30 ° N 
 40 ° N 
 50 ° N 
2012 Detrended Yield Anomaly [t/ha]
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6B;m`2 9X9, GQr vB2H/BM; ?Qi v2`bX -+-2V EBHHBM; /2;`22 /v UE..V MQKHB2b-  K2i`B+ iQ
2biBKi2 i2KT2`im`2 /K;2- +Q``2bTQM/BM; iQ i?2 v2`b RN3j- RN33- M/ kyRk- `2bT2+iBp2HvX
#-/-7V .2i`2M/2/ vB2H/ MQKHB2b 7Q` i?2 bK2 i?`22 v2`bX LQi2 ?Qr r2HH i?2 bTiBH Tii2`M Q7
E.. MQKHB2b +Q``2Hi2b rBi? i?2 Tii2`M Q7 vB2H/ MQKHB2bX
3d
Bb `2HiBp2Hv +QKT`#H2 iQ  ?Qi v2` BM JBMM2bQi 2p2M i?Qm;? i?2 +HBKiQHQ;B2b /Bz2`
bm#biMiBHHv #2ir22M i?2b2 `2;BQMbX h?2 E.. MQKHB2b `2 /BpB/2/ BMiQ T2`+2MiBH2b
++Q`/BM; iQ i?2 7QHHQrBM; b2p2M +i2;Q`B2b- 7`QK y@kX8- kX8@8- 8@Ry- Ry@Ny- Ny@N8- N8@NdX8-
M/ NdX8@Ryy- i?Bb HHQrb mb iQ 7Q+mb QM i?Qb2 KQbi 2ti`2K2 2p2Mib BM i?2 iBHb Q7 i?2
E.. /Bbi`B#miBQM- M/ i?2b2 +i2;Q`B2b `2 /QKBMi2/ #v i?2 ?Qi v2`b Q7 RN3j- RN33-
M/ kyRkX





































6B;m`2 9X8, uB2H/ `2bB/mHb 7Q` E.. KQ/2Hb bmKK`Bx2/ #v 1`Hv :`BM 6BHHBM; [mMiBH2bX
h?2 BM/BpB/mH 2H2K2Mib Q7 2+? pBQHBM THQi `2 M 2biBKi2 Q7 vB2H/b rBi?BM  ;Bp2M +QmMiv M/
 ;Bp2M v2`X h?2 ?BbiQ;`Kb BM `2/ BM/B+i2 i?2 }t2/ b2MbBiBpBiv M/ BM +vM i?2 /2p2HQTK2MiH
b2MbBiBpBivX h?2 #BM rB/i?b `2 /TiBp2 M/ ;Bp2 M TT`QtBKiBQM Q7 i?2 MmK#2` Q7 TQBMib rBi?BM
2+? Q7 i?2 T2`+2MiBH2bX h?2 iQiH MmK#2` Q7 TQBMib Bb Qp2` j9-yyyX .m`BM; i?2 2`Hv ;`BM }HHBM;
T?b2 i?2 ?Qii2bi 8W Q7 +QmMiv v2`b BM/B+i2 bm#biMiBH #Bb rBi? i?2 }t2/ b2MbBiBpBiv KQ/2H
r?BH2 i?2 bi;2 #b2/ KQ/2H /Q2b bQK2r?i #2ii2`X SQbBiBp2 `2bB/mHb BM/B+i2 i?i i?2 KQ/2H
`2bmHib ?p2 vB2H/b i?i `2 #Bb2/ ?B;?X V q?QH2 la KQ/2H rBi? MQ bTiBH p`BiBQM BM b2MbBiBpBivX
#V aii2 KQ/2H rBi? bTiBH p`BiBQM BM b2MbBiBpBivX
h?2 i?`22 ?Qii2bi v2`b ++QmMi 7Q` Qp2` dyW Q7 i?2 2MiB`2 +QmMiv v2` ;`QmTX P7
i?Qb2- kyRk Bb #v 7` i?2 H`;2bi- ++QmMiBM; 7Q` 9eW Q7 i?2 iQT +i2;Q`v #v Bib2H7X Ai
b?QmH/ #2 MQi2/ i?i i?2 7Qm`i? H`;2bi ?2i rp2 BM i?Bb /ib2i rb BM RNNe M/ r?BH2
Bi 2ti2M/2/ +`Qbb Qp2` 34 b KMv +QmMiB2b b RN33- Bi rb +QM+2Mi`i2/ BM i?2 aQmi? M/
i?2 K`;BMH +QMi`B#miBQM Q7 aQmi?2`M bii2b iQ la vB2H/ T`2p2Mi2/ i?Bb ?2i rp2 7`QK
33
bB;MB}+MiHv `2/m+BM; K2M la vB2H/ U};X 9XRVX h?2 iBK2 p`vBM; `2bB/mHb `2 /B`2+iHv
+QKT`2/ rBi? i?2 r?QH2 b2bQM `2bB/mHb BM };X 9X8- rBi? 2+? KQ/2H `2T`2b2Mi2/ #v
?H7 Q7 i?2 pBQHBM THQi BM 2+? +i2;Q`vX LQi2 i?i #Qi? KQ/2Hb TT2` /2[mi2 /m`BM;
v2`b Q7 +QQH M/ MQ`KH 2`Hv ;`BM }HHBM; T?b2b- #mi i?i i?2 K2/BM 2biBKi2b /Bp2`;2
bm#biMiBHHv BM i?2 ?Qii2bi +i2;Q`B2bX AM i?2 ?Qii2bi kX8W Q7 E.. MQKHB2b i?2 }t2/
r?QH2 b2bQM b2MbBiBpBiv BM/B+i2b  K2/BM #Bb +`Qbb HH +QmMiv v2`b Q7 RXy if?X h?2
#Bb Bb `2/m+2/- #mi MQi 2HBKBMi2/ #v i?2 BM+HmbBQM Q7 iBK2 p`vBM; b2MbBiBpBiv rBi? i?2
#Bb Q7 i?2 ?Qii2bi kX8W Q7 +QmMiv v2`b Dmbi mM/2` yXe if?X
9X9Xj o`vBM; aTiBH a2MbBiBpBiv
Ai ?b #22M b?QrM i?i i2KT2`im`2 b2MbBiBpBiv p`B2b bm#biMiBHHv +`Qbb H`;2 bTiBH
/QKBMbR3-ky- M/ ;Bp2M i?2 2ti2Mi Q7 i?2b2 ?2i rp2b i?2 #Bb2/ 2biBKi2b Kv `2bmHi
7`QK QKBiiBM; i?Bb p`BiBQMX 6Q`KHHv- i?2 i bm#b+`BTib `2 HHQr2/ iQ p`v BM 2[MX 9X3X
b rBi? i?2 }t2/ bTiBH KQ/2H- i?2`2 Bb  7m`i?2` +QKT`BbQM #2ir22M  KQ/2H rBi?
i2KT2`im`2 b2MbBiBpBiv i?i p`B2b Qp2` iBK2 M/ QM2 i?i /Q2b MQiX h?2 bTiBHHv
p`vBM; +Q2{+B2Mib /Q MQi TT`2+B#Hv BKT`Qp2 i?2 KQ/2H }i /m`BM; i?2 ?Qii2bi v2`b
U};X 9X8#V- rBi?  K2/BM #Bb Q7 yXN if?X >Qr2p2`- i?2 iBK2 p`vBM; b2MbBiBpBiv `2/m+2b
i?2 #Bb iQ Dmbi Qp2` yX9 if?X h?2 BM+Q`TQ`iBQM Q7 bTiBH b2MbBiBpBiv /B/ `2/m+2 i?2
#Bb- #mi MQi b Km+? b BM+Q`TQ`iBM; i2KTQ`H p`BiBQM BM i2KT2`im`2 b2MbBiBpBivX
AM `2HiBp2 i2`Kb i?2 K2/BM Q#b2`p2/ vB2H/b /m`BM; i?2 ?Qii2bi kX8W Q7 E.. MQKHB2b
rb Dmbi mM/2` 8dW Q7 ;;`2;i2/ K2/BM vB2H/ /m`BM; i?2 RN3R@kyR9 T2`BQ/- #mi i?2
}t2/ r?QH2 b2bQM b2MbBiBpBiv rQmH/ ?p2 2biBKi2/ K2/BM vB2H/b 2[mH iQ dkW Q7 i?2
K2/BM vB2H/- b QTTQb2/ iQ i?2 bi;2 #b2/ b2MbBiBpBiv rBi? e8WX h?Bb #Bb Bb +QMbBbi2Mi
+`Qbb HKQbi HH bii2b i?Qm;? TT2`b T`iB+mH`Hv T`QMQmM+2/ BM AHHBMQBb- AM/BM- M/
E2Mim+Fv r?B+? r2`2 b2p2`2Hv z2+i2/ #v i?2 bmKK2` Q7 kyRkX
3N
















































































6B;m`2 9Xe, .Bbi`B#miBQMb Q7 /2i`2M/2/ vB2H/b M/ E..b /m`BM; HQr2bi vB2H/BM; v2`bX V
h?2 /2i`2M/2/ vB2H/ /Bbi`B#miBQMb BM RN3j- RN33- M/ kyRkX #V h?2 MQKHv Q7 E..b Qp2` i?2 2M@
iB`2 ;`QrBM; b2bQM BM i?2 i?`22 HQr2bi vB2H/ v2`bX LQi2 i?i kyRk Bb MQi bm#biMiBHHv /Bz2`2Mi
7`QK RN3j #V h?2 /Bbi`B#miBQM Q7 E..b /m`BM; 2`Hv ;`BM }HHBM; U1:6VX .m`BM; i?Bb b2MbBiBp2 T2@
`BQ/ Q7 /2p2HQTK2Mi kyRk rb bm#biMiBHHv ?Qii2` i?M 2Bi?2` RN3j Q` RN33X
Ny
hQ 7m`i?2` BHHmbi`i2 i?2 BKTQ`iM+2 Q7 `2bQHpBM; i2KT2`im`2 b2MbBiBpBiv Qp2` iBK2
i?2 E.. MQKHB2b Qp2` i?2 2MiB`2 b2bQM `2 +QKT`2/ rBi? i?Qb2 /m`BM; i?2 2`Hv
;`BM }HHBM; T?b2X h?2 RN3j- RN33- M/ kyRk ?2irp2 v2`b HH +QMiBM bm#biMiBH
TQbBiBp2 MQKHB2b BM E..b- i?Qm;? i?2 v2` rBi? i?2 H`;2bi /2+HBM2 BM vB2H/b- kyRk- Bb
MQi Q#pBQmbHv i?2 ?Qii2bi- };X 9XeX AM/22/- RN3j M/ kyRk `2 HKQbi BM/BbiBM;mBb?#H2
r?2M +QKT`BM; E..b Qp2` i?2 2MiB`2 b2bQMX h?2 `2H BKT+i Q7 i?2 r2i?2` BM
kyRk Bb 2pB/2Mi r?2M +QKT`BM; i?2 /Bbi`B#miBQMb Q7 E..b /m`BM; i?2 KQbi b2MbBiBp2
T2`BQ/ Q7 /2p2HQTK2Mi- 2`Hv ;`BM }HHBM;- };X 9Xe#X q?BH2 kyRkǶb ;`QrBM; b2bQM rb
MQi bm#biMiBHHv r`K2` i?M T`2pBQmb ?Qi v2`b- i?2 2H2pi2/ i2KT2`im`2b Q++m``2/
BMQ`/BMi2Hv `QmM/ 2`Hv ;`BM }HHBM;X AM/22/- HKQbi i?2 2MiB`2 /Bbi`B#miBQM BM/B+i2b
TQbBiBp2 MQKHB2b- M/ i?2 K2M Q7 i?2 /Bbi`B#miBQM Bb Dmbi Qp2` k@biM/`/ /2pBiBQMb
r`K2` i?M  ivTB+H v2`X S`QT2`Hv `2bQHpBM; i?2 iBKBM; b r2HH b i?2 K;MBim/2 Q7
kyRkǶb i2KT2`im`2 MQKHv Bb +`BiB+H iQ T`QT2`Hv 2biBKiBM; BiǶb 2z2+i QM vB2H/bX
9X9X9 Pmi Q7 aKTH2 S`2/B+iBQMb 7Q` >Qi u2`b
h?2 T`2pBQmb vB2H/ 2biBKi2b bm;;2bi i?i BM+Q`TQ`iBM; i2KTQ`H p`BiBQM BM i2KT2`@
im`2 b2MbBiBpBiv `2/m+2b i?2 #Bb /m`BM; i?2 v2`b rBi? 2t+2TiBQMHHv ?Qi 2`Hv ;`BM
}HHBM;X >Qr2p2`- i?2b2 KQ/2Hb Mim`HHv BM+Hm/2 KQ`2 7`22 T`K2i2`b M/  7m`i?2` i2bi
Bb +HH2/ 7Q`X  KQ`2 bi`BM;2Mi i2bi Bb TTHB2/ iQ i?2 7Qm` p`BiBQMb Q7 i?2 E.. KQ/2H
iQ /2i2`KBM2 i?2 `2HiBp2 BKTQ`iM+2 Q7 bTiBH M/ i2KTQ`H p`BiBQM BM b2MbBiBpBiv #v
T`2/B+iBM; Qmi Q7 bKTH2 vB2H/bX hQ /Q i?Bb HH pBH#H2 v2`b Qi?2` i?M RN3j- RN33- M/
kyRk `2 mb2/ iQ 2biBKi2 i?2 +Q2{+B2Mib BM 2[MX 9X3X h?2M i?2 vB2H/b Q7 2+? +QmMiv BM
HH i?`22 v2`b `2 T`2/B+i2/ b  ;`QmT M/ BM/BpB/mHHv- };X 9XdX 6Q` i?2 ;`QmT2/ v2`b
i?2 H2bi #Bb2/ T`2/B+iBQMb HHQr b2MbBiBpBiv iQ p`v Qp2` bT+2 M/ iBK2 rBi?  K2/BM
#Bb Q7 yXkj UN8W +XBX yXRN@yXkNV- i?Qm;? 2t+Hm/BM; i2KTQ`H p`B#BHBiv Bb biiBbiB+HHv
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6B;m`2 9Xd, uB2H/ /Bbi`B#miBQMb 7`QK Qmi Q7 bKTH2 T`2/B+iBQMbX 1+? /Bbi`B#miBQM `2T`2b2Mib
QM2 Q7 i?2 7Qm` E.. KQ/2Hb rBi? b2MbBiBpBiv T`K2i2`b BM72``2/ 7`QK 2p2`v v2` Qi?2` i?M RN3j-
RN33- M/ kyRkX V h?2 /Bbi`B#miBQM Q7 `2bB/mHb 7Q` HH i?`22 v2`b ;;`2;i2/ iQ;2i?2`X o2`iB+H
HBM2b BM/B+i2 i?2 K2/BM Q7 i?2 /Bbi`B#miBQM #V h?2 /Bbi`B#miBQM Q7 `2bB/mHb 7Q` RN3j- MQi2 i?i
i?Bb v2` i?2 bii2 H2p2H KQ/2Hb r2`2 `2HiBp2Hv mM#Bb2/X +V h?2 /Bbi`B#miBQM Q7 `2bB/mHb 7Q` RN33-
r?2M i?2 H2bi #Bb2/ KQ/2H rb i?2 r?QH2 b2bQM KQ/2H rBi? bTiBHHv p`vBM; +Q2{+B2MibX /V
h?2 /Bbi`B#miBQM Q7 `2bB/mHb 7Q` kyRk- r?2M i?2 KQ/2H rBi? #Qi? bTiBHHv M/ i2KTQ`HHv p`vBM;
+Q2{+B2Mib T`Q/m+2b i?2 #2bi 2biBKi2bX
Nk
BM/BbiBM;mBb?#H2- b22 i#H2 9XRX h?2 BKTQ`iM+2 Q7 `2T`2b2MiBM; p`vBM; b2MbBiBpBiv Qp2`
#Qi? bT+2 M/ iBK2 Bb `2BM7Q`+2/ #v i?2 T`2/B+iBQMb BM kyRk- r?B+? Bb HbQ i?2 v2`
r?B+? ;2M2`HHv ?b i?2 KQbi #Bb2/ 2biBKi2bX h?2 H2bi #Bb2/ T`2/B+iBQM Bb i?2 iBK2
M/ bT+2 p`vBM; KQ/2H rBi?  K2/BM #Bb Q7 yX8 if? UN8W +XBX yX9 iQ yXeV- 7QHHQr2/
#v i?2 KQ/2H r?B+? p`B2b Qp2` bT+2 #mi MQi iBK2X >Qr2p2`- 7Q` #Qi? RN3j M/ RN33 Bi
Bb i?2 KQ/2Hb r?B+? BM+Hm/2 bTiBH #mi MQ i2KTQ`H p`BiBQM BM b2MbBiBpBiv i?i T`QpB/2
i?2 H2bi #Bb2/ 2biBKi2b i @yXye if? UN8W +XBX @yXR8 iQ yXykV M/ yXke if? UN8W +XBX
yXR8 iQ yXjeVX AM HH v2`b i?2 E.. MQKHB2b `2 bT`2/ Qp2`  H`;2 2MQm;? `2;BQM
i?i i?2 bTiBH p`BiBQM BM b2MbBiBpBiv THvb  bB;MB}+Mi `QH2 BM KBMBKBxBM; #Bb2/ vB2H/
T`2/B+iBQMb- #mi BM kyRk i?2 T`iB+mH` +QM+2Mi`iBQM Q7 E..b /m`BM; 2`Hv ;`BM }HH@
BM; BM/B+i2b i?2 //BiBQMH BKTQ`iM+2 Q7 +Tim`BM; i?2 i2KTQ`HHv p`vBM; b2MbBiBpBivX
h?2b2 /2iBHb +?HH2M;2 b2H2+iBM;  bBM;H2 QTiBKH KQ/2HX .2bTBi2 i?Bb- i?2 bTiBHHv M/
i2KTQ`HHv p`vBM; KQ/2H T`Q/m+2/ i?2 #2bi T`2/B+iBQMb BM kyRk M/ i?2 ;;`2;i2/
v2`b M/ rb QMHv K`;BMHHv rQ`b2 i?M i?2 Tm`2Hv bTiBHHv p`vBM; KQ/2Hb BM RN3j
M/ RN33X h?Bb bm;;2bib i?i i?2 BM+Q`TQ`iBQM Q7 T?vbBQHQ;B+H /2iBHb Bb ;2M2`HHv rQ`i?
i?2 //BiBQMH T`K2i2`b `2[mB`2/ iQ 2biBKi2 i?2 KQ`2 +QKTHB+i2/ KQ/2HX
9X9X8 >B;? _2bQHmiBQM AQr MHvbBb
h?2 7BHm`2 Q7 i?2 bTiBHHv M/ i2KTQ`HHv p`vBM; KQ/2H iQ 2HBKBMi2 i?2 #Bb2/ vB2H/b
BM kyRk bm;;2bib i?i KQ`2 BM7Q`KiBQM Bb M22/2/ iQ /2[mi2Hv +Tim`2 i?Bb ?2i rp2X
h?2 ?B;?2` `2bQHmiBQM /i pBH#H2 7Q` AQr T2`KBi 7Q`  KQ`2 /2iBH2/ 2tKBMiBQM
Q7 i?2 `QH2 i?i bTiBH M/ i2KTQ`H b+H2 THv BM `2/m+BM; i?2 #Bb Q7 T`2/B+i2/ vB2H/
/m`BM; kyRkX 6Q` #`2pBiv i?Bb MHvbBb Bb `2bi`B+i2/ iQ Qmi Q7 bKTH2 T`2/B+iBQMb- M/
HH KQ/2Hb `2 7Q`KmHi2/ rBi? b2MbBiBpBiB2b i?i QKBi kyRk 7`QK i?2 i`BMBM; /iX
h?2 bTiBH b2MbBiBpBiv Bb HHQr2/ iQ p`v i i?2 ;`B+mHim`H /Bbi`B+i H2p2H Q` ?2H/ }t2/
Nj
u2` 7a7h pa7h 7aph paph
RN3j yXye U@yXyd@yXR9V @yXye U@yXR9@yXyRV yXR9 UyXy8@yXkkV yXyd UyXyk@yXRjV
RN33 yX8y UyX9j@yXeRV yXke UyXR8@yXjeV yX93 UyXjd@yX8eV yXjy UyXkR@yXj3V
kyRk yXN8 UyXd3@RXRV yXd3 UyXe9@yXN9V yX3e UyXd9@RXRV yX9N UyXje@yXekV
HH yX9k UyXje@yX9dV yXk9 UyXR3@yXjyV yX9k UyXje@yX9dV yXkj UyXRN@yXkNV
h#H2 9XR, h?2 K2/BM KQ/2H #Bb 7Q` ?Qi v2`bX h?2 7Qm` KQ/2Hb `2 bmKK`Bx2/ #v r?2i?2`
i?2 i2KT2`im`2 b2MbBiBpBiv Bb HHQr2/ iQ p`v Q` Bb }t2/ Qp2` #Qi? bT+2 M/ iBK2X 1+? 7Qm` H2ii2`
KQ/2H +QHmKM ?2/BM; +Q``2bTQM/b iQ QM2 KQ/2H- 7a7h ?b }t2/ bTiBH M/ }t2/ i2KTQ`H b2MbB@
iBpBiv- pa7h ?b p`B#H2 bTiBH M/ }t2/ i2KTQ`H b2MbBiBpBiv- 7aph ?b }t2/ bTiBH M/ p`B#H2
i2KTQ`H b2MbBiBpBiv- r?BH2 paph ?b p`B#H2 bTiBH M/ i2KTQ`H b2MbBiBpBivX oHm2b `2 T`2b2Mi2/
BM if? M/ i?2 T`2Mi?2b2b BM/B+i2 i?2 N8W #QQbi`TT2/ +QM}/2M+2 BMi2`pHX
+`Qbb i?2 2MiB`2 bii2- 2[mBpH2Mi iQ BM+Hm/BM; Q` QKBiiBM; i?2 i bm#b+`BTib BM 2[MX 9X3X
aBKBH`Hv- i?2 BKTQ`iM+2 Q7 i2KTQ`H b2MbBiBpBiv Bb 2tTHQ`2/ #v BM+Hm/BM; mT iQ 2B;?i
T?b2b Q7 /2p2HQTK2Mi- BX2X L≤ 8X 6`QK  7mHH bmBi2 Q7 Ryy KQ/2Hb- je r2`2 b2H2+i2/ 7Q`
+QKT`iBp2 M/ 2tTHMiQ`v Tm`TQb2b M/ KQ`2 7mHHv /2b+`B#2/ BM i#H2 9Xk M/ i?2
K2/BM #Bb2b Q7 2+? `2 bmKK`Bx2/ BM };X 9X3X
hrQ 2H2K2Mib `2 BKK2/Bi2Hv TT`2Mi 7`QK i?Bb MHvBbX 6B`bi- bTiBH p`BiBQM
BM b2MbBiBpBiv 7BHb iQ BKT`Qp2 T`2/B+iBQMb i i?2 ;`B+mHim`H /Bbi`B+i H2p2HX >Qr2p2`- BM
Q`/2` iQ bB;MB7+MiHv `2/m+2 i?2 #Bb i?2 KQ/2H Kmbi +QMiBM  ?B;?Hv /2iBH2/ `2T`2@
b2MiiBQM Q7 i?2 ibb2HBM; M/ bBHFBM; T2`BQ/X "Qi? Q7 i?2b2 T?b2b- /2bTBi2 Q++m`BM;
Qp2` M2`Hv i?2 bK2 iBK2 T2`BQ/ Kmbi #2 BM+Hm/2/ BM i?2 KQ/2H iQ `2/m+2 i?2 #Bb iQ
biiBbiB+H BMbB;MB}+M+2X L2Bi?2` i?2 +QK#BMiBQM Q7 bBHFBM; M/ ibb2HBM; iQ;2i?2`- MQ`
2Bi?2` T?b2 BM+Hm/2/ b2T`i2Hv 2HBKBMi2b i?2 #Bb2/ 2biBKi2X 6Q` 2tKTH2-  KQ/2H
rBi? HH 2B;?i T?b2b ?b  #Bb Q7 yXjR if? UN8W +XBX @yXy8 iQ yXdyV r?BH2 K2`;BM; i?2
bBHFBM; M/ ibb2HBM; T?b2b `Bb2b i?Bb iQ yXNy if? UN8W +XBX yXeN iQ RXkjVX h?2 H2bi
#Bb2/ KQ/2H Bb  7Qm` T?b2 KQ/2H BM+Hm/BM; i?2 p2;2iiBp2- ibb2HBM;- bBHFBM;- M/ 
N9
JQ/2H 7a7h _2 pa7h _2 paph _2 7aph _2
SohaJP. RXR UyXN@RX9V yXey RX8 URXR@RX3V yXek RXe URXR@kXkV yXde yXj UyXy@yXeV yXdj
SoaJP. RXy UyXd@RXkV yXek RXk UyXN@RX8V yXe9 RXd URX9@kXyV yXd8 yX3 UyX9@RXRV yXdk
SohJP. RXy UyXd@RXkV yXek RXk UyXN@RX8V yXe9 RX8 URXR@RX3V yXdN yXN UyX8@RXkV yXdR
Soh@aJP. RXy UyXd@RXkV yXek RXk UyXN@RX8V yXe9 RX8 URXy@RXdV yXdj yXN UyX8@RXkV yXdR
oha;7 RX9 URXk@RXdV yX83 RXe URXk@kXyV yXey yXe UyXR@RX9V yXdk yXy U@yXk@yX8V yXdy
oa;7 RXj UyXN@RX8V yX8N RX9 URXR@RXNV yXeR yX3 UyX8@RXkV yXdj yXe UyX9@yXNV yXe3
oh;7 RXj UyXN@RX8V yX8N RX9 URXR@RXNV yXeR yXe UyXR@RXRV yXdj yXe UyX9@yXNV yXeN
oh@a;7 RXj UyXN@RX8V yX8N RX9 URXR@RXNV yXeR yXe UyXR@yXNV yXd9 yXe UyX9@yXNV yXe3
oh@a;7 RXj UyXN@RX8V yX8N RX9 URXR@RXNV yXeR yXe UyXR@yXNV yXd9 @yXy U@yX9@yXkV yXed
h#H2 9Xk, h?2 T?b2b BM+Hm/2/ BM i?2 KQ/2H `2 b 7QHHQrb, SHMi2/ USV- o2;2iiBp2 UoV- hb@
b2HBM; UhV- aBHFBM; UaV- JBHFBM; UJV- .Qm;?BM; UPV- .2Mi2/ U.V- M/ Jim`2 UV- r?2`2 2+? Bb
/2}M2/ #v i?2 bi;2 i?i #2;BMb Bi- 2t+2Ti 7Q` i?2 p2;2iiBp2 T?b2 r?B+? Bb +QMbB/2`#Hv HQM;2`
i?M i?2 Qi?2`b M/ #2;BMb rBi? i?2 2K2`;2/ bi;2X  /b? #2ir22M T?b2b BM/B+i2b i?2v ?p2
#22M K2`;2/ BMiQ  bBM;H2 T?b2 M/ i?2 K2`;2/ KBHFBM;- /Qm;?BM; M/ /2Mi2/ T?b2b `2 bmK@
K`Bx2/ b ;`BM }HHBM; U;7VX h?2 7Qm` KQ/2Hb i?i +Q``2bTQM/ rBi? 2+? Q7 i?2 BM+Hm/2/ T?b2b
`2 }t2/ Qp2` bT+2 M/ }t2/ Qp2` iBK2 U7a7hV- p`B#H2 Qp2` bT+2 M/ }t2/ Qp2` iBK2 Upa7hV-
p`B#H2 Qp2` bT+2 M/ p`B#H2 Qp2` iBK2 UpaphV- M/ }t2/ Qp2` bT+2 M/ iBK2 U7aphVX h?2 }`bi
+QHmKM BM/B+i2b i?2 K2/BM #Bb BM kyRk rBi? i?2 N8W +QM}/2M+2 BMi2`pH BM T`2Mi?2b2b- M/ i?2
_2 +QHmKM BKK2/Bi2Hv 7QHHQrBM; Bb i?2 b[m`2/ +`Qbb +Q``2HiBQM Q7 i?i KQ/2H ;BMbi i?2 2MiB`2
vB2H/ `2+Q`/X h?2 }MH `Qr- K`F2/ rBi?  bi` BM/B+i2b i?2 KQ/2H r?B+? mb2b  HBM2` +QK#BM@
iBQM Q7 i?2 b2MbBiBpBiv 2biBKi2b 7`QK i?2 ha T?b2b Q7 i?2 oha;7 KQ/2H 7Q` Bib K2`;2/ ibb2HBM;
M/ bBHFBM; b2MbBiBpBiv T?b2 #b2/ b2MbBiBpBivX HH K2/BM 2biBKi2b `2 `QmM/2/ iQ i2Mi?b M/ _2
pHm2b iQ ?mM/`2/i?bX
bBM;H2 K2`;2/ ;`BM }HHBM; T2`BQ/ +QMbBbiBM; Q7 i?2 KBHFBM;- /Qm;?BM; M/ /2Mi2/ T?b2b-
i?2 #Bb Q7 i?Bb KQ/2H Bb yXy8 if? UN8W +XBX @yXky iQ yX8kVX  bm#b2i Q7 T?b2b +QmTH2/
rBi? M //BiBQMH /2;`22 Q7 7`22/QK `QmM/ i?2 KQbi b2MbBiBp2 T2`BQ/ T`Q/m+2b i?2 #2bi
T`2/B+iBp2 +Q2{+B2Mi 2biBKi2bX
S`iB+mH` ii2MiBQM rb TB/ iQ i?2 T2`BQ/ `QmM/ ibb2HBM; M/ bBHFBM; BM i?Bb MH@
vbBb b i?i rb `QmM/ i?2 iBK2 i?i E..b T2F2/ BM kyRkX b Bb +H2` 7`QK i#H2
9Xk M/ };X 9X3 i?2 T`iB+mH` `2T`2b2MiiBQM Q7 i?Bb iBK2 T2`BQ/ Bb +`BiB+H iQ T`Q/m+BM;
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6B;m`2 9X3, J2/BM vB2H/ `2bB/mHb 7Q` kyRk BM AQr 7`QK je /Bz2`2Mi KQ/2HbX h?2 #+Bbb
BM/B+i2b i?2 MmK#2` Q7 /2p2HQTK2MiH T?b2b BM+Hm/2/ BM 2+? Q7 i?2 KQ/2Hb b r2HH b  H2ii2`2/
#`2pBiBQM iQ BM/B+i2 r?B+? T?b2b `2 BM+Hm/2/ BM i?2 KQ/2HX h?2 QT2M +B`+H2b +Q``2bTQM/ iQ i?2
KQ/2Hb rBi?  }t2/ bTiBH b2MbBiBpBiv Qp2` i?2 2MiB`2 bii2- M/ /Qib BM/B+i2 bTiBH p`BiBQM BM
b2MbBiBpBiv i i?2 ;`B+mHim`H /Bbi`B+i H2p2HX aBKBH`Hv- #H+F bvK#QHb BM/B+i2 i2KTQ`H p`BiBQM BM
b2MbBiBpBiv Qp2` i?2 ;`QrBM; b2bQM r?BH2 #Hm2 bvK#QHb BM/B+i2  }t2/ i2KTQ`H b2MbBiBpBiv Qp2`
i?2 r?QH2 b2bQMX o2`iB+H HBM2b BM/B+i2 i?2 N8W +QM}/2M+2 BMi2`pH QM i?2 K2/BM 2biBKi2 7`QK
 #QQibi`T bKTHBM; Q7 +QmMiB2b BM+Hm/2/ BM i?2 K2/BM 2biBKi2X h?2 b2MbBiBpBiv T`K2i2`b iQ
+QKTmi2 i?2 vB2H/b BM kyRk r2`2 +H+mHi2/ 7`QK  i`BMBM; /i b2i 7`QK RNN9@kyRRX
mM#Bb2/ 2biBKi2b Q7 kyRkX hQ 7m`i?2` i2bi i?2 TT`QT`Bi2M2bb Q7 i?2 b2T`i2 ibb2HBM;
M/ bBHFBM; 2biBKi2b i?2B` b2T`i2 b2MbBiBpB2b r2`2 //2/ iQ;2i?2` M/ TTHB2/ iQ i?2
2biBKi2/ E..b /m`BM; i?2 +QK#BM2/ ibb2HBM; M/ bBHFBM; T?b2X h?Bb +QK#BM2/ 2biB@
Ki2 Bb M2`Hv b ;QQ/ b i?2 QM2 rBi? /BbiBM+i T?b2b- rBi?  K2/BM #Bb Q7 @yXy8 if?
UN8W +XBX @yX9R iQ yXkyVX lbBM; i?2 E.. b2MbBiBpBiv 2biBKi2/ 7`QK i?2 Qmi Q7 bKTH2
+QK#BM2/ ibb2HBM; M/ bBHFBM; T?b2 T`Q/m+2/  K2/BM #Bb Q7 yXe8 if? UN8W +XBX yX9j
iQ yX3dVX q?2M i?2 ibb2HBM; M/ bBHFBM; T?b2b `2 ;;`2;i2/ Q` +QMbB/2`2/ HQM2 i?2v
Ne
KBbb i?2 BM+`2bBM; /BbT`Biv #2ir22M E..b 2tT2`B2M+2/ /m`BM; ibb2HBM; M/ bBHFBM; BM
?Qii2` v2`b r?B+? /B/ MQi Q++m` BM kyRk- };X 9XN- /2bTBi2 i?2 7+i i?i ibb2HBM; M/
bBHFBM; `2 ?B;?Hv +Q``2Hi2/- rBi?  S2`bQMǶb +Q``2HiBQM +Q2{+B2Mi Q7 yXN3X h?Bb /Bb@
+QMM2+i Bb BM/B+i2/ BM i?2 E.. b2MbBiBpBiB2b 7`QK i?2 bBHFBM;- ibb2HBM;- M/ +QK#BM2/
ibb2HBM;@bBHFBM; KQ/2Hb Q7 @Re- @Ry- M/ @RR F;f? U◦* /vV−1 BM +QKT`BbQM rBi? i?2
HBM2`Hv +QK#BM2/ E.. b2MbBiBpBiv 7`QK i?2 BM/BpB/mH ibb2HBM; M/ T?b2b Q7 @k3 F;f?
U◦* /vV−1-  7+iQ` Q7 irQ iQ i?`22 ;`2i2`X S`QT2`Hv `2bQHpBM; i?2 b2MbBiBpBiv /m`BM;
i?Bb 2ti`2K2Hv pmHM2`#H2 T2`BQ/ Bb +`BiB+H iQ KFBM; ++m`i2 7Q`2+bib Q7 7mim`2 vB2H/
HQbb2bX



































6B;m`2 9XN, hbb2HBM; M/ bBHFBM; E.. 2tTQbm`2 +QMp2`;2M+2 BM AQr BM kyRk 1+? TQBMi
BM/B+i2b M ;`B+mHim`H /Bbi`B+i 7Q`  ;Bp2M v2` BM AQrX :2M2`HHv b E..b BM+`2b2 ibb2HBM; M/
bBHFBM; /Bp2`;2/- rBi? ibb2HBM; 2tT2`B2M+BM; KQ`2 E..bX >Qr2p2`- BM kyRk rBi? `2+Q`/ #`2FBM;
i2KT2`im`2b- #Qi? b2MbBiBp2 T?b2b r2`2 M2`Hv 2[mHHv 2tTQb2/X h?Bb +QMp2`;2M+2 BHHmbi`i2b r?v
#Qi? T?b2b Kmbi #2 KQ/2H2/ iQ /2[mi2Hv +Tim`2 i?2 vB2H/ HQbb BM kyRkX
9X9Xe oTQ` S`2bbm`2 .27B+Bi b 1ti`2K2 h2KT2`im`2 J2i`B+
h?2 }MH KQ/2H mb2b +oS. BM TH+2 Q7 E.. b i?2 T`2/B+iQ` Q7 2ti`2K2 /K;2 #v
b2iiBM; β3,i,p iQ x2`Q BM 2[MX 9X3X >Qr2p2`- Bi b?QmH/ #2 MQi2/ i?i E.. M/ +oS. `2
Nd
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Whole Season Correlation between KDD and VPD
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Early Grain Filling Correlation between KDD and VPD
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6B;m`2 9XRy, *Q``2HiBQM #2ir22M +oS. M/ E.. V h?2 +Q``2HiBQMb #2ir22M +oS. M/
E.. `2 ;2M2`HHv [mBi2 ?B;? +`Qbb i?2 2MiB`2 v2`X h?Qm;? i?2v i`2M/ 7`QK ?B;?2bi BM i?2 aQmi?@
r2bi iQ HQr2bi BM i?2 7` LQ`i?X #V :2M2`HHv i?2 +Q``2HiBQMb `2 HQr2` /m`BM; 2+? Q7 i?2 ;`QrBM;
T?b2b- #mi 7Q` i?2 +`BiB+H 2`Hv ;`BM }HHBM; T?b2 i?2v `2KBM `2HiBp2Hv ?B;?X
?B;?Hv +Q``2Hi2/X AM/22/- +`Qbb i?2 2MiB`2 v2` BM i?2 r2bi2`M TQ`iBQM Q7 i?2 bim/v
`2;BQM S2`bQMǶb +Q``2HiBQM +Q2{+B2Mib `2 ivTB+HHv ?B;? U`> 0.8V- M/ bBKBH`Hv +`Qbb
i?2 aQmi? U`> 0.7V- };X 9XRyX 1p2M +`Qbb i?2 LQ`i? i?2 +Q``2HiBQMb ``2Hv /`QT
#2HQr yXe- BM/B+iBM; i?i Km+? Q7 i?2 BM7Q`KiBQM +QMiBM2/ BM +oS. Bb b?`2/ rBi?
E..X >Qr2p2`-  KQ`2 MmM+2/ TB+im`2 TT2`b r?2M i?2 +Q``2HiBQMb `2 iF2M rBi?BM
BM/BpB/mH ;`QrBM; T?b2bX q?BH2 i?2 +Q``2HiBQM Bb 2p2M ?B;?2` BM i?2b2 b?Q`i2` rBM/Qrb
+`Qbb i?2 aQmi? U`> 0.9V- i?2 LQ`i? Bb ;2M2`HHv KQ`2 TQQ`Hv +Q``2Hi2/ U`< 0.5V-
};X 9XRy#X .2bTBi2 i?Bb- i?2 Tii2`M Q7 b2MbBiBpBiv 2biBKi2b +`Qbb i?2 ;`QrBM; b2bQM
UMQi b?QrMV Bb [mBi2 bBKBH` #2ir22M E.. M/ +oS.- M/ #2ir22M i?2 ?B;? +Q``2HiBQMb
M/ i?2 bBKBH` i2KTQ`H Tii2`Mb Bi Bb HBF2Hv i?i KQbi Q7 i?2 BM7Q`KiBQM +QMiBM2/ BM
QM2 Bb HbQ BM i?2 Qi?2`X
 bBKBH` bmBi2 Q7 7Qm` KQ/2Hb `2 +QKT`2/ 7Q` i?2 +oS. 2biBKi2b b i?2 E..
2bBKi2b- B/2MiB+HHv KQ/B7vBM; 2[MX 9X3 iQ p`v i?2 b2MbBiBpBiv T`K2i2`b Qp2` #Qi?
N3
























































6B;m`2 9XRR, Pmi Q7 bKTH2 T`2/B+iBQMb 7Q` RN33 rBi? p`B2/ oS. 2biBKi2bX "Qi? KQ/2Hb
`2 bB;MB}+MiHv #Bb2/- M/ i?2 BKT`Qp2K2Mib BM `2bQHmiBQM /Q MQi TT2` iQ ?2HTX h?2 q"L
biiBQMb `2 bB;MB}+MiHv bT`b2` i?M i?2 la>*L biiBQMb r?B+? Kv- BM T`i- #2 `2bTQMbB#H2 7Q`
i?BbX V h?2 7mHH 6P oS. 2biBKi2- BM+Hm/BM; `2HiBp2 ?mKB/Biv #V h?2 Hi2`MiBp2 oS. 2biBKi2-
r?B+? QMHv /2T2M/b QM KBMBKmK M/ KtBKmK i2KT2`im`2X
bT+2 M/ iBK2X 6B`bi- i?2 irQ `2T`2b2MiiBQMb Q7 +oS. BM+Hm/BM; M/ B;MQ`BM; `2HiBp2
?mKB/Biv `2 +QKT`2/- `2bi`B+BM; i?2 MHvbBb iQ i?2 v2`b rBi? i?2 q"L /i M/
i?mb i2bi2/ QMHv QM i?2 v2` RN33X q?BH2 i?2 +oS.Uh-_>V Bb K`;BMHHv H2bb #Bb2/
i?M +oS.UhV- #Qi? biBHH BM/B+i2 bm#biMiBH #Bb2b 7Q` i?2 7mHH bmBi2 Q7 KQ/2HbX h?2
H2bi #Bb2/ KQ/2Hb `2 i?2 KQ/2Hb rBi? i?2 72r2bi T`K2i2`b- ;;`2;iBM; b2MbBiBpBiv
Qp2` #Qi? bT+2 M/ iBK2- i?Qm;? i?2b2 biBHH ?p2 K2/BM #Bb2b Q7 RX9 if? UN8W +XBX RXj
iQ RX8V M/ RXd if? UN8W +XBX RXe iQ RX3V- };X 9XRRX .2bTBi2  bB;MB}+MiHv bKHH2` #Bb-
i?2 pHm2b `2 +HQb2 2MQm;? i?i i?2 7mHH la>*L /i `2 MHvx2/ mbBM; i?2 oS.UhV
TT`QtBKiBQM- i?Qm;? Bi b?QmH/ #2 MQi2/ i?i  bmT2`BQ` }i Kv #2 TQbbB#H2 rBi? #2ii2`
`2HiBp2 ?mKB/Biv /iX
h?2 +oS. /2p2HQTK2MiH KQ/2H /Q2b MQi BKT`Qp2 i?2 }i Q7 i?2 KQ/2H- M/ T`Q/m+2b
BM72`BQ` Qmi Q7 bKTH2 T`2/B+iBQMb /m`BM; i?2 ?Qii2bi v2`bX h?2 bK2 b2i Q7 7Qm` KQ/2Hb
Bb +QKT`2/ ?2`2- r?2`2 #Qi? bTiBH M/ i2KTQ`H b2MbBiBpBiv Bb HHQr2/ iQ p`v 7`QK
i?2 r?QH2 la M/ b2bQM b+H2 iQ BM/BpB/mH bii2 M/ /2p2HQTK2MiH T?b2X HH Q7
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6B;m`2 9XRk, uB2H/ `2bB/mHb 7Q` +oS. KQ/2Hb bmKK`Bx2/ #v 1`Hv :`BM 6BHHBM; [mMiBH2b
h?2 #Bb Bb H`;2` r?2M +oS. Bb mb2/ b i?2 T`2/B+iQ` Q7 2ti`2K2 +QM/iBQMb BM TH+2 Q7 E..X h?2
+i2;Q`B2b `2 B/2MiB+H iQ i?Qb2 BM };X 9X8 7Q`  bi`B;?i7Q`r`/ +QKT`BbQMX V q?QH2 la KQ/2H
rBi? MQ bTiBH p`BiBQM BM b2MbBiBpBivX #V aii2 KQ/2H rBi? bTiBH p`BiBQM BM b2MbBiBpBivX
i?2 ?Qii2bi v2`b `2 bm#biMiBHHv #Bb2/ U6B;X 9XRkV- M/ KQ`2 bQ i?M 7Q` i?2 E..
KQ/2HX AM 7+i- i?2 T2MmHiBKi2 +i2;Q`v Q7 i?2 N8@NdX8 T2`+2MiBH2 Bb M2`Hv b #Bb2/
BM i?2 +oS. KQ/2H b i?2 E.. KQ/2H rb BM i?2 ?Qii2bi NdX8@Ryy T2`+2MiBH2b- rBi? 
KBMBKmK #Bb Q7 yX8 if? 7`QK i?2 T?b2 #b2/ KQ/2HX h?2 ?Qii2bi +QmMiv v2`b `2 b
#Bb2/ b kXy if? 7Q` i?2 }t2/ bTiBH M/ i2KTQ`H KQ/2HX
h?2 Qmi Q7 bKTH2 2biBKi2b 7Q` i?2 +QHHH2+i2/ v2`b Q7 RN3j- RN33 M/ kyRk- };X 9XRj-
;BM BM/B+i2b i?i i?2 H2bi #Bb2/ KQ/2H ?b #Qi? bTiBHHv M/ i2KTQ`HHv p`vBM;
+Q2{+B2MibX >Qr2p2`- i?2 H2bi #Bb2/ KQ/2H Bb biBHH bB;MB}+MiHv rQ`b2 i?M i?2 E..
KQ/2H rBi?  K2/BM #Bb Q7 RXR if? UN8W +XBX RXy iQ RXkVX h?Bb ?QH/b i`m2 BM RN3j-
rBi?  K2/BM #Bb Q7 yXN if? UN8W +XBX Q7 yX3 iQ RXyV b r2HH b kyRk rBi?  #Bb Q7 RXk
if? UN8W +XBX RXy iQ RX9VX AM RN33- Dmbi b rBi? i?2 E.. KQ/2H- i?2 H2bi #Bb2/ KQ/2H-
i RXk if? UN8W +XBX RXR iQ RXjV- ?b bTiBHHv #mi MQi i2KTQ`HHv p`vBM; +Q2{+B2Mib
@ i?Qm;? MQM2 Q7 i?2 KQ/2Hb biM/ Qmi 7`QK 2+? Qi?2` b bB;MB}+MiHv /Bz2`2MiX Ai Bb
bi`BFBM; i?i i?2b2 `2bmHib `2 [mBi2 /Bz2`2Mi- M/ H2bb #Bb2/- i?M i?2 q"L biiBQMb
Ryy
M/ mM/2`HBM2b i?2 BKTQ`iM+2 Q7 i?2 ?B;?2` `2bQHmiBQM la>*L r2i?2` biiBQMb b r2HHX
















































































































6B;m`2 9XRj, uB2H/ /Bbi`B#miBQMb 7`QK Qmi Q7 bKTH2 T`2/B+iBQMb rBi? oS. KQ/2HX 1+? /Bb@
i`B#miBQM `2T`2b2Mib QM2 Q7 i?2 7Qm` oS. KQ/2Hb rBi? b2MbBiBpBiv T`K2i2`b BM72``2/ 7`QK 2p2`v
v2` Qi?2` i?M RN3j- RN33- M/ kyRkX V h?2 /Bbi`B#miBQM Q7 `2bB/mHb 7Q` HH i?`22 v2`b ;;`2@
;i2/ iQ;2i?2`X o2`iB+H HBM2b BM/B+i2 i?2 K2/BM Q7 i?2 /Bbi`B#miBQM #V h?2 /Bbi`B#miBQM Q7 `2bB/@
mHb 7Q` RN3j- BM i?2 oS. KQ/2H i?2 H2b2 #Bb2/ 2biBKi2b `2 7`QK i?2 iBK2 p`vBM; b2MbBiBpBiv
KQ/2HbX +V h?2 /Bbi`B#miBQM Q7 `2bB/mHb 7Q` RN33- r?2M i?2 H2bi #Bb2/ KQ/2H rb ;BM i?2 r?QH2
b2bQM KQ/2H rBi? bTiBHHv p`vBM; +Q2{+B2MibX /V h?2 /Bbi`B#miBQM Q7 `2bB/mHb 7Q` kyRk- r?2M
i?2 KQ/2Hb rBi? i2KTQ`HHv p`vBM; +Q2{+B2Mib r2`2 i?2 H2bi #Bb2/X
RyR
9X8 .Bb+mbbBQM M/ *QM+HmbBQM
Ai b?QmH/ #2 MQi2/ i?i i?Bb bim/v Bb 2tTHB+Biv +QM+2`M2/ rBi? r2i?2` HQbb2b iQ vB2H/X
q?BH2 bm+? 2ti`2K2 r2i?2` 2p2Mib Kv #2 bQK2 BM/B+iBQM Q7 2tT2+i2/ vB2H/ HQbb2b BM 
#`Q/Hv r`K2` +HBKi2- i?2v `2 MQi M2+2bb`BHv M 2ti`TQHiBQM iQ  r`K2` +HBKi2
;Bp2M i?2 `M;2 Q7 QTiBQMb pBH#H2 iQ /Ti iQ bHQrHv p`vBM; +QM/BiBQMbk-jd-R3 i?i `2
MQi pBH#H2 7Q`  bBM;H2 2ti`2K2 2p2MiX >Qr2p2`- b bm+? 2ti`2K2 2p2Mib `2 HbQ KQ`2
HBF2Hv BM  r`K2` 7mim`2- BKT`QpBM; Qm` mM/2`biM/BM; Q7 HBKBiiBQMb BM T`2/B+iBM;
bm+? 2ti`2K2 vB2H/ HQbb2b Bb +`BiB+H iQ T`2T`BM; 7Q` i?2KX aQK2 KQ/2HBM; rQ`F ?b
/BbKBbb2/ i?2 miBHBiv Q7 mbBM; biiBbiB+H KQ/2Hb iQ bim/v vB2H/ `2bTQMb2b iQ 2ti`2K2
2p2MibR99- #mi i?Bb rQ`F bm;;2bib i?i rBi? M TT`QT`Bi2 T?vbBQHQ;B+H `2T`2b2MiiBQM
bm+? b+2M`BQb Kv #2 `2bQM#Hv r2HH T`2/B+i2/X h?Bb rQ`F BM/B+i2b i?i BKT`QpBM;
7Q`2+bib Q7 ;`B+mHim`H /K;2 rBHH `2[mB`2 i?2 mb2 Q7 ?B;?2` `2bQHmiBQM /i b r2HH
b  /22T2` mM/2`biM/BM; Q7 i?2 K2+?MBbKb #2?BM/ vB2H/ HQbb /m`BM; b2MbBiBp2 T?b2b
Q7 /2p2HQTK2Mi M/ +QKTH2K2Mib Qi?2` `2+2Mi rQ`F r?B+? ?B;?HB;?ib i?2 BKTQ`iM+2 Q7
T?2MQHQ;vReR-Rk3- b+H2k3 M/ ?B;?2`iQ M2;H2+i2/ T`Q+2bb2b Q7 vB2H/ HQbbR89X
h?2 #Bb 2t?B#Bi2/ #v i?2 H2bi p`B#H2 KQ/2Hb iQ 2ti`2K2 +QM/BiBQMb /m`BM; i?2
KQbi b2MbBiBp2 T?b2b Q7 KBx2 /2p2HQTK2Mi ?B;?HB;?ib i?2 BKTQ`iM+2 Q7 +Tim`BM; KQ`2
`2HBbiB+ /2iBHb Q7 +`QT T?vbBQHQ;v BM  biiBbiB+H KQ/2HBM; 7`K2rQ`FX q?BH2 i?Bb #Bb
Kv MQi #2 /B`2+iHv i`Mb72`#H2 iQ p2`;2 v2`b i?i `2 Km+? r`K2` b r2 KQp2
BMiQ M BM+`2bBM;Hv ?Qi kRst +2Mim`v- i?2 HBF2HB?QQ/ Q7 ;2iiBM; bm+? 2ti`2K2 v2`b Bb HbQ
2tT2+i2/ iQ BM+`2b2 b BM/B+i2/ #v #Qi? biiBbiB+H bim/B2bNe-9k-Nd-9y M/ /vMKB+H
KQ/2HbjN-8e-dd-jyX h?2 ii2MiBQM QM 2ti`2K2 2p2Mib ?b HbQ ?B;?HB;?i2/ i?2 bm#biMiBH
`QH2 i?i HM/ bm`7+2 Ĝ iKQbT?2`2 BMi2`+iBQMb THv BM ;2M2`iBM; ?2i rp2b M/
/`Qm;?iRdR-8j r?B+? rBHH #2 z2+i2/ #v i?2 ?2Hi? M/ /2p2HQTK2Mi bii2 Q7 }2H/ +`QTbX
Ryk
h?Bb rQ`F ?b 7m`i?2` ?B;?HB;?i2/ i?2 M22/ 7Q`  KQ`2 ++m`i2 mM/2`biM/BM; Q7 ?Qr
2ti`2K2b rBHH +?M;2 mM/2`  r`KBM; +HBKi2 ;Bp2M i?2 T`iB+mH` BKTQ`iM+2 Q7 i?2
iBH Q7 i?2 i2KT2`im`2 /Bbi`B#miBQM /m`BM; 2`Hv ;`BM }HHBM; iQ vB2H/ BKT+ibX AM 7+i-
Bi ?b #22M b?QrM i?i 2ti`2K2b +M +?M;2 [mBi2 /Bz2`2MiHv i?M i?2 K2MeN M/ bQ 
bBKTH2 T2`im`#iBQM Q7 i?2 +m``2Mi +HBKiQHQ;v 7Q` 2biBKiBM; 2z2+ib 7`QK HQM; i2KTQ`H
p2`;2bR3-39 Kv H+F BKTQ`iMi /2iBHbX Ai Bb M BKT`Qp2/ mM/2`biM/BM; Q7 i?2b2 KQ`2
T`2+Bb2 +?M;2b BM i?2 T?vbB+H +HBKi2 bvbi2K BM +QMDmM+iBQM rBi? i?2 KQ`2 /2iBH2/
`2bTQMb2 Q7 +`QTb b BM/B+i2/ #v i?2 /2p2HQTK2MiH b2MbBiBpBiv i?i rBHH mHiBKi2Hv b2`p2
iQ BKT`Qp2 Qm` 7Q`2+bib Q7 ?Qr ;HQ#H r`KBM; rBHH z2+i KBx2 M/ Qi?2` +`QTbX
h?Bb rQ`F ?b ?B;?HB;?i2/ i?2 BKTQ`iM+2 Q7 BKT`QpBM; i?2 `2bQHmiBQM Q7 ;`B+mHim`H
MHvbBbX h?2 +Q`b2bi KQ/2Hb r2`2 mbmHHv bm#biMiBHHv KQ`2 #Bb2/ M/ mM#H2 iQ
Ki+? i?2 vB2H/ /Bbi`B#miBQMb Qp2`  rB/2` `M;2 Q7 +QM/BiBQMb i?M i?2 KQ/2Hb r?B+?
r2`2 KQ`2 imM2/ iQ i?2B` HQ+H 2MpB`QMK2MiX q?BH2 i?Bb M2+2bb`BHv BMpQHp2b 2biBKiBM;
KQ`2 7`22 T`K2i2`b- i?2 ;2M2`H bi`m+im`2 Q7 i?2 KQ/2Hb Bb biBHH bBKTH2 M/ i?2 `2[mB`2/
/i 7Q` i?2b2 2biBKi2b Bb MQi M2+2bb`BHv bm#biMiBHX M BKTQ`iMi //BiBQMH 2H2K2Mi
Q7 i?Bb bim/v Bb i?2 TQBMi i r?B+? 7m`i?2` /2iBH #2+QK2b mMM2+2bb`v M/ Kv- BM 7+i-
BKT2/2 T`2/B+iBQM @ b rb BM/B+i2/ 7Q` bTiBH b2MbBiBpBiv p`BiBQM i i?2 ;`B+mHim`H
/Bbi`B+i b+H2X h?2 `2H2pMi b+H2 7Q` bTiBH p`BiBQM BM +Q2{+B2Mib rQmH/ TT2` iQ #2
i?2 bii2 H2p2H- r?BH2 }M2` bTiBH b+H2b- i H2bi Qp2` bii2b b ?QKQ;2M2Qmb b AQr
/B/ MQi bm#biMiBp2Hv BKT`Qp2 vB2H/ T`2/B+iBQMbX >Qr2p2` i?2 AQr /i /2KQMbi`i2
i?i #Qi? ?B;? `2bQHmiBQM /i M/  KQ/2H 7Q`KmHiBQM +T#H2 Q7 +Tim`BM; i?2 7mHH
b2MbBiBpBiv /m`BM; i?2 KQbi b2MbBiBp2 T?b2b Bb `2[mB`2/ iQ `2/m+2 i?2 vB2H/ #Bb /m`BM;
kyRkX h?Bb Bb  T`Q#H2K #2+mb2 i?2 +`BiB+H bi;2b Q7 ibb2HBM; M/ bBHFBM; `2 b2T@
`i2Hv ;;`2;i2/ BMiQ i?2 2M/ Q7 i?2 p2;2iiBp2 T?b2 M/ i?2 KBHFBM; bi;2 BM i?2 bii2
H2p2H la. /iX JQ`2 /2iBH QM i?Bb ?B;?Hv b2MbBiBp2 T2`BQ/ Q7 /2p2HQTK2Mi rQmH/
Ryj
#2 2ti`2K2Hv pHm#H2 7Q` BbQHiBM; i?2 2z2+ib Q7 /K;BM; ?2i rp2b M/- T2`?Tb-
7Q`2+biBM; i?2B` 2z2+iX q?BH2 i?2 pBH#BHBiv Q7 ?B;? [mHBiv /2p2HQTK2Mi /i QmibB/2
Q7 i?2 lMBi2/ aii2b Kv #2  +?HH2M;2- i?2`2 Bb bQK2 T`QKBb2 BM 7Q`2+biBM; T?2MQ@
HQ;B+H /2p2HQTK2Mi rBi? bi2HHBi2 /iRy8-ekX qBi?Qmi BM+Q`TQ`iBM; i?2b2 /2iBHb BMiQ
7Q`2+bib Q7  r`K2` 7mim`2 r2 `BbF mM/2`2biBKiBM; i?2 2z2+ib r?B+? `2 HBF2Hv iQ #2
KQbi /K;BM; iQ ;`B+mHim`H T`Q/m+iBpBivX
"2vQM/ i?2 //BiBQMH BM7Q`KiBQM M22/2/ BM i?2 T?vbB+H +HBKi2 7Q`2+bi i?Bb rQ`F
?B;?HB;?ib i?2 M22/ iQ 7m`i?2` T`2/B+i i?2 BMi2`+iBQM #2ir22M i?2 T?vbB+H +HBKi2 bvb@
i2K- i?2 /2+BbBQMb Q7 i?2 7`K KM;2`- M/ i?2 /2p2HQTK2Mi T?b2 Q7 i?2 +`QTX q?2M
i?2 +`QT Bb THMi2/ Bb  +`BiB+H /2i2`KBMMi Q7 }MH vB2H/ M/  r`K2` +HBKi2 b?QmH/
HHQr 7Q` KQ`2 ~2tB#BHBiv BM THMiBM;jd-RRe r?B+? rBHH i?2M z2+i i?2 iBKBM; Q7 HH i?2
Hi2` bi;2b Q7 /2p2HQTK2Mi rBi?BM i?2 b2bQMH +v+H2X 6m`i?2`KQ`2- i?2 BMi2`+iBQM Q7
i2KT2`im`2 rBi? +`QT /2p2HQTK2Mi 7m`i?2` +QKTQmM/b i?2 mM+2`iBMiv Q7 r?B+? T?b2
 +`QT rBHH #2 BM r?2M /K;BM; r2i?2` +QM/BiBQMb Q++m`X 6m`i?2` rQ`F b?QmH/ HQQF iQ
+QK#BM2 i?2b2 2H2K2Mib Q7 T?vbB+H +HBKi2 7Q`2+biBM;- 7`K KM;2K2Mi /2+BbBQMb- M/
+`QT /2p2HQTK2Mi M/ i?2 +QKTQmM/ mM+2`iBMiv Q7 HH i?2b2 KQ/2Hb BMiQ M BM+`2bBM;Hv




/TiiBQM iQ +HBKi2 +?M;2 Bb  b2MbBiBp2- T2`?Tb iQQ 2bBHv TQHBiB+Bx2/ iQTB+X Ai Bb
HH iQQ 2bv 7Q`  /Bb+mbbBQM `2;`/BM; i?2 `2/m+iBQM Q7 /K;2b #`Qm;?i #Qmi #v 
r`K2` +HBKi2 iQ H2/ iQr`/b /QrMTHvBM; i?2 `BbFb Q7 ;HQ#H r`KBM;X Ai Bb i?2 Hbi
BMi2MiBQM Q7 i?Bb rQ`F iQ TmHH i?2 /BHQ;m2 `2;`/BM; Mi?`QTQ;2MB+ +HBKi2 +?M;2 BM
bm+?  /B`2+iBQMX JBiB;iBQM Q7 ;`22M?Qmb2 ;b 2KBbbBQMb Kmbi `2KBM  T`BQ`Biv 2p2M
b rQ`F HBF2 i?i T`2b2Mi2/ ?2`2 rBHH B/ BM /2p2HQTBM; /TiiBQM bi`i2;B2b iQ H`2/v
Ry8
BM2pBi#H2 r`KBM;X >Qr2p2`- i?2 bTiBH p`BiBQM BM i2KT2`im`2 b2MbBiBpBiv M/ i2K@
TQ`H +QMi`QH Qp2` i2KT2`im`2 2tTQbm`2 BM/B+i2/ ?2`2 Kmbi THv  KQ`2 bm#biMiBH
`QH2 BM KQ/2HBM; M 2MpB`QMK2Mi i?i Bb BM+`2bBM;Hv b?T2/ #v ?mKMbX h?2 H`;2
#Q/v Q7 rQ`F `2;`/BM; /K;2 iQ ;`B+mHim`2 7`QK  r`K2` rQ`H/ BM i?2 #b2M+2 Q7
?mKM /TiiBQM `mMb i?2 QTTQbBi2 `BbF Q7 Qp2`biiBM; i?2 /K;2b 7`QK  r`K2` 2M@
pB`QMK2Mi M/ bBKBH`Hv 2M/M;2`BM; 2zQ`ib iQ KBiB;i2 r`KBM; B7 bm+? /B`2 T`2/B+iBQMb
T`Qp2 mMi`m2X AM i?Bb rQ`F A ?p2 bi`Bp2M iQ BM/B+i2 i?2 `2H `BbFb  r`K2` +HBKi2
TQb2b iQ KBx2 ;`B+mHim`2 i i?2 bK2 iBK2 i?i A ?p2 b?QrM ?Qr i?2 BM+Q`TQ`iBQM
Q7 bQK2 T`BM+BTH 2H2K2Mib Q7 KBx2 T?vbBQHQ;v M/ 7`K2` +QMi`QH BMiQ KQ/2Hb Q7 ?Qr
+HBKi2 M/ r2i?2` z2+i +`QT vB2H/b bm;;2bi QTiBQMb 7Q` KM;BM; i?i `BbFX
A7 i?2`2 Bb  b2i Q7 T`BM+BTHb i?i ?p2 ;mB/2/ i?Bb `2b2`+? Bi Bb i?2 b2`+? 7Q` Tii2`M-
T`Q+2bb- M/ b+H2X h?2 Tii2`M Q7 bTiBH b2MbBiBpBiv mMp2BH2/ i i?2 +QmMiv H2p2H BM
+?Ti2` R- M/ TB`2/ rBi? i?2 HQ+H +HBKiQHQ;v rb r?i b2i i?Bb r?QH2 bim/v BM
KQiBQMX >Qr2p2`- i?Bb `2bmHi `Bb2/  [m2biBQM Q7 T`Q+2bbX q?i KB;?i b2`p2 b 
T?vbBQHQ;B+H #bBb 7Q` i?2 +QmTHBM; Q7 i2KT2`im`2 b2MbBiBpBiv M/ +HBKiQHQ;v\ h?Bb
[m2biBQM mHiBKi2Hv H2/ iQr`/b i?2 `2HiBQMb?BT #2ir22M +mHiBp` ;`Qri? /m`iBQM M/
+HBKiQHQ;v /2b+`B#2/ BM +?Ti2` kX h?2 Tii2`M +QmTH2/ iQ i?2 T`Q+2bb T`QpB/2b 
7QmM/iBQM 7Q`  i2bi#H2 ?vTQi?2bBb `2;`/BM; ?Qr KBx2 +`QTb ?p2 #22M /Ti2/ iQ
i?2B` HQ+H 2MpB`QMK2Mib M/  TQi2MiBH Ti?rv iQr`/b 7mim`2 /TiiBQM BM  ?Qii2`
+HBKi2X h?2 +QmTHBM; Q7 bTiBH b2MbBiBpBiv rBi? i2KTQ`H /2p2HQTK2Mi BM im`M H2/ iQ
7m`i?2` [m2biBQMb #Qmi ?Qr +`QTb ?/ #22M /Ti2/ iQ i?2B` HQ+H 2MpB`QMK2Mi Qp2`
iBK2- MQi Dmbi i i?2 +mHiBp` H2p2H- #mi BM i2`Kb Q7 KM;2K2Mi M/ THMiBM; b+?2/mH2b b
r2HHX h?Bb i2KTQ`H /TiiBQM H2/ iQ i?2 rQ`F BM +?Ti2` j M/ i?2 Q#b2`p2/ Tii2`Mb
Q7 +QQHBM; M/ r`KBM; Qp2` i?2 ;`QrBM; b2bQM r2`2 BM im`M /2b+`B#2/ #v Hi2`iBQMb BM
i?2 KM;2`BH T`Q+2bb2b Q7 2`HB2` THMiBM; M/ HQM;2` Kim`BM; +mHiBp`b- `2bT2+iBp2HvX
Rye
Zm2biBQMb Q7 b+H2 T2`bBbi2/ i?`Qm;?Qmi i?2b2 MHvb2b- #mi iF2 +2Mi2` bi;2 BM i?2
MHvbBb Q7 2ti`2K2 2p2Mib BM +?Ti2` 9X >2`2- r2 r2`2 #H2 iQ 2tTHQ`2 i?2 bTiBH M/
i2KTQ`H b+H2b i r?B+? K2MBM7mH p`BiBQM Q++m``2/ BM i2KT2`im`2 b2MbBiBpBivX 6`QK
i?Bb MHvbBb- i?2 KQbi `2H2pMi b+H2 Q7 bTiBH p`BiBQM TT2`b iQ #2 TT`QtBKi2Hv i?2
bii2 H2p2H- i H2bi 7Q` bii2b b ?QKQ;2M2Qmb b AQrX h2KTQ`HHv i?2 ?B;?2bi `2bQHmiBQM
pBH#H2 rb +`BiB+H iQ `2bQHpBM; i?2 ;`2iHv BM+`2b2/ b2MbBiBpBiv Q7 i?2 ibb2HBM; M/
bBHFBM; T?b2b- #mi i?2 ;`BM }HHBM; T?b2 b2MbBiBpBiv TT2`2/ KQ`2 `2HB#Hv 2biBKi2/
r?2M Bi rb KQ`2 +Q`b2Hv `2bQHp2/ `i?2` i?M 2biBKi2/ b2T`i2Hv 7Q` 2+? +QMbiBim2Mi
bm#@T?b2X "v B/2MiB7vBM; i?2 `2H2pMi b+H2b Q7 p`BiBQM i?Bb rQ`F TQBMib iQr`/b i?2
/i M22/2/ iQ TTHv  bBKBH` MHvbBb BM Qi?2` `2;BQMb Q` iQ Qi?2` +`QTbX
AM+Q`TQ`iBM; BMbB;?i 7`QK }M2` bTiBH b+H2b ?b HbQ #22M T`i Q7 M 2zQ`i iQ BM+Q`@
TQ`i2  #`Q/2` +QKTQM2Mi Q7 i?2 ;`B+mHim`H `2b2`+? +QKKmMBiv BMiQ i?2 /Bb+mbbBQM
Q7 ?Qr +`QTb rBHH #2 z2+i2/ #v +HBKi2 +?M;2X M2+/QiH +QMp2`biBQMb rBi? K2K#2`b
Q7 i?2 ;`QMQKv +QKKmMBiv ?p2 bm;;2bi2/ i?i i?2 +Q`b2` MHvb2b T`Q/m+2/ #v i?2
+HBKi2 M/ 2+QMQKB+b +QKKmMBiv ?p2 #22M r`Bii2M Qz #v i?2 ;`QMQKBbib 7Q`  H+F
Q7 K2MBM;7mH /2iBHX b BM/B+i2/ BM i?2 BMi`Q/m+iBQM- i?2 KB//H2 Ti? Q7 i?Bb `2b2`+?
?b rQ`F2/ iQr`/b #`B/;BM; i?i /BpB/2 BM  +QMbBbi2Mi M/ i`MbT`2Mi KMM2`X h?2
T`Q+2bb2b Q7 /TiiBQM `2p2H2/ ?2`2 Kv T`QpB/2 i?2 H`;2` b+H2 ;HQ#H KQ/2HBM; +QK@
KmMBiv rBi? M2r B/2b iQ BM+Q`TQ`i2 Q` i?2 }2H/ `2b2`+?2` iQ 2tTHQ`2 BM 2p2M ;`2i2`
/2iBHX
h?2`2 `2 b2p2`H /B`2+iBQMb i?Bb `2b2`+? Kv ;Q 7`QK ?2`2X h?2 KQbi bi`B;?i7Q`r`/
Bb i?2 TTHB+iBQM Q7  bBKBH` T`Q;`K iQ +`QTb Qi?2` i?M KBx2X aQv #2Mb M/ r?2i
`2 M2`Hv b rB/2Hv ;`QrM BM i?2 lMBi2/ aii2b b KBx2 M/ i?2`27Q`2 Kv BM/B+i2
bQK2 bBKBH` HQ+H +HBKiQHQ;B+H /TiiBQMbX 6Q` 2tKTH2- Bb Bi TQbbB#H2 iQ B/2MiB7v
bBKBH` `2HiBQMb?BT #2ir22M /m`iBQM Q7 ;`Qri? T?b2b M/ +HBKiQHQ;v BM i?2b2 +`QTb
Ryd
Q` Bb bm+?  `2HiBQMb?BT mMB[m2 iQ KBx2\ A7 Bi Bb mMB[m2- r?i #Qmi i?2 KBx2 +`QT
?b 2M#H2/ bm+? M /TiiBQM M/ +QmH/ Bi #2 BM+Q`TQ`i2/ BMiQ Qi?2`b\ aBKBH`Hv- ?b
i?2 /2p2HQTK2Mi Q7 i?2b2 +`QTb #22M z2+i2/ #v +?M;2b BM KM;K2Mi M/ +HBKi2\
1tTM/BM; iQ Qi?2` +`QTb HbQ `Bb2b i?2 TQbbB#BHBiv Q7 bm#biBimiBM; +`QTb r?B+? #2+QK2
KQ`2 bmBi#H2 7Q`  r`K2` 7mim`2 i?M i?Qb2 r?B+? ?p2 #22M ;`QrM ?BbiQ`B+HHvX 6Q`
2tKTH2- KBx2 ?b #22M 2tTM/BM; BM LQ`i?2`M JBMM2bQi M/ LQ`i? .FQi M/ QM2
rQM/2`b B7 i?2 +m``2Mi *M/BM q?2i "2Hi rBHH #2+QK2 i?2 *Q`M "2Hi Q7 i?2 7mim`2X
h?2 /2iBHb T`2b2Mi2/ BM i?Bb `2b2`+? Kv ?2HT iQ Mbr2` r?2M bm+?  i`MbBiBQM rQmH/
#2 7`mBi7mHX
P7 #`Q/2` BMi2`2bi- i?2 BKTQ`iM+2 Q7 i2KTQ`H p`BiBQM BM b2MbBiBpBiv M/ Bib `QH2
BM i?2 /2pbiiBM; HQbb2b BM kyRk ?B;?HB;?ib i?2 BKTQ`iM+2 Q7 +Tim`BM; i?Bb iBK2 T2`BQ/
KQ`2 `2HB#Hv QmibB/2 `2;BQMb rBi? /2p2HQTK2Mi /i HBF2 i?i pBH#H2 7`QK i?2 la.X
*QmTHBM; i?2 la. /2p2HQTK2Mi /i rBi? `2KQi2 b2MbBM; T`Q/m+ib HBF2 i?2 LQ`KHBx2/
.Bz2`2M+2 o2;2iiBp2 AM/2t UL.oAV Q` bmM@BM/m+2/ ~mQ`2b2M+2 UaA6V T`QpB/2  Ti?
iQr`/b KQ/2HBM; T?2MQHQ;B+H /2p2HQTK2Mi BM i?2 #b2M+2 Q7 ;`B+mHim`H bm`p2v /iX
*HB#`iBM; i?2b2 2biBKi2b rBi? i?2 la. /i rQmH/ HHQr 7Q` M bb2bbK2Mi Q7 i?2
mM+2`iBMiv i?i rQmH/ ++QKTMv bm+? M 2biBKi2X h?2 la. /i- T`iB+mH`Hv i
i?2 ;`B+mHim`H /Bbi`B+i b+H2 +QmH/ HbQ #2 mb2/ iQ KQ`2 T`2+Bb2Hv [mMiB7v ?Qr 2t+i i?2
2biBKi2 Q7 +`BiB+H T?2MQHQ;B+H bi;2b Kmbi #2 7Q`  mb27mH 2biBKi2 Q7 +`QT b2MbBiBpBiv
M/ vB2H/ HQbbX h?2 MHvbBb BM +?Ti2` 9 #2;BMb iQ T`Q#2 i?Bb [m2biBQM- #mi i?2`2 Bb
KQ`2 `QQK iQ 2tTHQ`2 ?Qr }M2Hv `2bQHp2/ i?2 rBM/Qr Q7 ibb2HBM; M/ bBHFBM; Kmbi #2
r?2M 2biBKiBM; vB2H/ HQbb2bX
M 2p2M KQ`2 TTHB2/- #mi TQi2MiBHHv p2`v #2M2}+BH /B`2+iBQM 7Q` i?Bb `2b2`+? iQ
KQp2 BM Bb iQ #mBH/  +QmTH2/ KQ/2H Q7 b2bQMH 7Q`2+biBM; M/ +`QT /2p2HQTK2MiX h?Bb
rQmH/ BMpQHp2 QTiBKBxBM; THMiBM; /i2b M/ +mHiBp` b2H2+iBQM `QmM/ 2tT2+i2/ r2i?2`
Ry3
Qp2` i?2 +Qm`b2 Q7 i?2 ;`QrBM; b2bQMX h?2 `2}M2K2Mib M22/2/ BM b2bQMH 7Q`2+biBM;
`2  bm#biMiBH ?m`/H2 iQ i?Bb HBM2 Q7 BM[mB`vX >Qr2p2`- i?2 +QmTHBM; Q7 i?2 2`Hv
THMiBM; BM kyRk rBi? i?2 T2F Q7 i?2 ?2i rp2 `QmM/ ibb2HBM; M/ bBHFBM; bm;;2bib
i?i BKT`Qp2K2Mib BM i?Bb `2 +QmH/ #2 Q7 i`2K2M/Qmb T`+iB+H #2M2}i iQ ;`B+mHim`H
2ti2MbBQM Q{+2bX h?Bb rQmH/ HbQ `2[mB`2  KQ`2 /2iBH2/ H`;2 b+H2 /2b+`BTiBQM Q7 +`QT
/2p2HQTK2Mi mM/2` p`B2/ i2KT2`im`2 +QM/BiBQMb- #mi i?2 la. /2p2HQTK2Mi /i
b?Qm/ HHQr 7Q` bm+?  KQ/2H iQ #2 +QMbi`BM2/X h?2`2 `2- Q7 +Qm`b2- bQK2 bm#biMiBH
2+QMQKB+ BM+2MiBp2b iQ /2p2HQT bm+?  bvbi2K r?B+? rQmH/ 2ti2M/ #2vQM/ /TiBM; iQ
 r`K2` +HBKi2X
>mKMb #2;M  ;HQ#H 2tT2`BK2Mi i2M@i?QmbM/ v2`b ;Q r?2M i?2v #2;M b2H2+iBM;
T`iB+mH` THMib iQ QTiBKBx2 i?2 HM/b+T2 7Q` i?2B` QrM 2M/bX h?2 T`Q+2bb Q7 BM/mb@
i`BHBxiBQM ?b H2/ iQ MQi?2` ;HQ#H 2tT2`BK2Mi BM Hi2`BM; i?2 bm`7+2 i2KT2`im`2
Q7 i?2 THM2iX Ai `2KBMb iQ #2 b22M r?2i?2` i?2 mHiBKi2 `2bmHib Q7 BM/mbi`BHBxiBQM
rBHH T`Qp2 /Bbbi`Qmb 7Q` ;`B+mHim`2- #mi Bi Bb +2`iBM i?i i?2`2 Bb M QTTQ`imMBiv iQ
/Ti iQ i?2 +?M;BM; +HBKi2 ?mKMb `2 +`2iBM;X h?2 /2;`22 iQ r?B+? ;`B+mHim`2
+M #2 /Ti2/ iQ  +?M;BM; +HBKi2 rBHH /2T2M/ QM `2HBxBM; i?2 ivT2b Q7 /TiiBQM
bm;;2bi2/ #v i?2 `2b2`+? /2b+`B#2/ ?2`2 b r2HH b F22TBM; i?2 #bQHmi2 K;MBim/2 Q7




M Hi2`MiBp2 mb2 Q7 ;`QrBM; /2;`22 /vb U:..V Bb iQ TTHv i?2K b  bTiBH BM/B+iQ`
iQ BM72` i?2`KH MB+?2 +QMbi`BMib QM i?2 bTiBH /Bbi`B#miBQM Q7  +`QTX AM KMv `2bT2+ib
i?Bb TTHB+iBQM Bb +HQb2` iQ i?2 Q`B;BMH ;`QMQKB+ 7mM+iBQM Q7 :..b b  T`2/B+iQ` Q7
+`QT ;`Qri? M/ /2p2HQTK2MiN9-NjX >2`2- A T`QpB/2  #`B27 Qp2`pB2r Q7 rQ`F KQ`2 7mHHv
/2b+`B#2/ BM .ǶHTQBK :m2/2b M/ "miH2` UkyR9V- r?2`2 r2 mb2 :..b iQ B/ BM BMi2`@
T`2iBM; `+?2Q#QiMB+H /i i  +QHH2+iBQM Q7 `+?2QHQ;B+H bBi2b BM aQmi?r2bi *?BM-
RRy
Q7 r?B+? b2p2M `2 T`2b2Mi2/ ?2`2X AM T`iB+mH`- :..b HHQr mb iQ //`2bb ?Qr i?2`KH
iBK2 +QMbi`BMib HBF2Hv /2Hv2/ i?2 bT`2/ Q7 `B+2 iQ i?2 ?B;?Hv T`Q/m+iBp2 `2;BQM Q7 i?2
aB+?mM "bBM M/ ?2HT 2tTHBM i?2 T`2pH2M+2 Q7 #Qi? KBHH2i M/ r2bi2`M /QK2biB+i2b
BM ?B;?Hv KQmMiBMQmb `2;BQMb Q7 aQmi?r2bi *?BMX q2 }M/ i?i i?2 Q`Q;`T?B+HHv BbQ@
Hi2/ aB+?mM "bBM ?/ HBKBi2/ Ti?rvb 7Q` i`QTB+H `B+2 iQ KB;`i2 BMiQ Bi- M/ i?mb
i?2 /2p2HQTK2Mi Q7 i2KT2`i2 p`B2iB2b rb HBF2Hv +`BiB+H iQ ;`B+mHim`H b2iiH2K2Mi BM
i?Bb `2;BQMX 6m`i?2`KQ`2- i?2 i?2`KH MB+?2 2biBKi2b BM i?2 KQbi KQmMiBMQmb `2b
Q7 aQmi?r2bi *?BM M2p2` BM/B+i2 HQM; i2`K bi#BHBiv 7Q` `B+2 ;`B+mHim`2 M/ i?2b2 +QQH
+QM/BiBQMb HBF2Hv Tmb?2/ ;`B+mHim`HBbib iQr`/b KQ`2 +QH/ iQH/2`Mi KBHH2ib M/ i?2M
r?2i M/ #`H2v QM+2 i?2b2 #2+K2 pBH#H2X
h?2 b2p2M bBi2b /Bb+mbb2/ ?2`2 Kv #2 /BpB/2/ BMiQ i?`22 +i2;Q`B2b- };X XRX AM
KQ/2`M /v >mMM T`QpBM+2- irQ bBi2b- "b?B/M; M/ S2M;iQmb?M #Qi? BM/B+i2 i?2
T`2b2M+2 Q7 `B+2 ;`B+mHim`2 7`QK b 2`Hv b d8yy +HB#`i2/ "*jjX G2bb i?M  i?Qm@
bM/ FBHQK2i2`b iQ i?2 r2bi Q7 i?2b2 bBi2b- QM i?2 Qi?2` bB/2 Q7 i?2 .# KQmMiBM
`M;2 BM KQ/2`M /v aB+?mM T`QpBM+2 `B+2 /Q2b MQi TT2` BM i?2 *?2M;/m SHBM M/
:mBvmM[BQ bBi2b mMiBH 7i2` jyyy +H "*X h?2 aB+?mM "bBM- b i?2 #`Q/ `2HiBp2Hv
~i 2tTMb2 i i?2 2bi2`M 2M/ Q7 i?2 T`QpBM+2 Bb +HH2/- Bb M 2t+2TiBQMHHv T`Q/m+iBp2
`2;BQM Q7 `B+2 ;`B+mHim`2 BM KQ/2`M *?BM89 M/  /2Hv Q7 9yyy v2`b iQ bT`2/ bm+? 
b?Q`i /BbiM+2 bm;;2bi i?2`2 rb  bm#biMiBH #``B2` iQ i?2 i`MbKBbbBQM Q7 `B+2 ;`B@
+mHim`2 BMiQ i?Bb `2;BQMX AM +QMi`bi- i?2 Qi?2` i?`22 bBi2b M2p2` BM/B+i2  bm#biMiBH
T`2b2M+2 Q7 `B+2 ;`B+mHim`2X h?2 BMi2`p2MBM; bBi2 BM i?2 .# KQmMiBMb- w?QM;#- Bb
/QKBMi2/ #v KBHH2ib b Bb i?2 aB+?mM ?B;?HM/ bBi2 Q7 uBM;TMb?MX uBM;TMb?M Bb
H2bb i?M Ryy FBHQK2i2`b MQ`i?r2bi Q7 i?2 *?2M;/m SHBM bBi2b #mi i?2`2 Bb MQ 2pB/2M+2
Q7 `B+2X 6BMHHv- i?2 bBi2 7m`i?2bi iQ i?2 aQmi?r2bi- BM KQ/2`M /v umMMM T`QpBM+2-





































6B;m`2 XR, `+?2QHQ;B+H aBi2b h?2 i?`22 +i2;Q`B2b Q7 bBi2 `2 `2T`2b2Mi2/ #v /Bz2`2Mi +QH@
Q`b M/ bvK#QHbX _2/ 2t2b rBi? +B`+H2b BM/B+i2 i?2 2`HB2bi `B+2 bBi2b RV S2M;iQmb?M M/ kV
"b?B/M;X h?2 #Hm2 2t2b rBi? +B`+H2b `2 i?2 Hi2` `B+2 bBi2b Q7 i?2 aB+?mM "bBM jV *?2M;/m
SHBM aBi2b M/ 9V :mBvmM[BQX 6BMHHv- i?2 KBHH2i /QKBMi2/ bBi2b `2 BM/B+i2/ #v i?2 Tm`TH2
#m`bi Tii2`Mb 8V w?QM;#- eV uBM;TMb?M- M/ dV >BK2MFQmX
r?2iX a22 .ǶHTQBK :m2/2b M/ "miH2` UkyR9V 7Q` /2iBHb Q7 i?2b2 bBi2b `2+Q`/bX
S`2pBQmbHv- `+?2QHQ;Bbib 2tKBMBM; i?2 bT`2/ Q7 ;`B+mHim`H +`QTb ?p2 T`2/QKB@
MMiHv `;m2/ Qp2` i?2 BKTQ`iM+2 Q7 ;`QrBM; b2bQM H2M;i?dy Q`  KQ/B}2/ 7mM+iBQM
Q7 KQMi?Hv KtBKmK M/ KBMBKmK i2KT2`im`2- +HH2/ 2z2+iBp2 i2KT2`im`2RR- iQ
/2i2`KBM2 r?2i?2`  `2;BQM rQmH/ #2 pB#H2 7Q`  T`iB+mH` +`QTX >Qr2p2`- i?2b2 K2@
bm`2b- `2bT2+iBp2Hv- /Q MQi ++QmMi 7Q` i?2 KQ`2 /2iBH2/ i2KT2`im`2 `2[mB`2K2Mib Q7
KMv +`QTb Q` KF2 mb2 Q7 KQ`2 /2iBH2/ ;`QMQKB+ /i pBH#H2 7Q` KMv +mHiBp`bX
:`QrBM; /2;`22 /vb //`2bb #Qi? Q7 i?2b2 Bbbm2bX >2`2- i?2 /BHv ?2i mMBi 7Q` ;`QrBM;
RRk
/2;`22 /vb- :..d Bb /2}M2/ 7Q` 2+? /v- d- b-
GDDd =
⎧⎪⎨⎪⎩ TK2M,d − T#b2 B7 TK2M,d > T#b2,0 B7 TK2M,d ≤ T#b2. UXRV
>2`2- TK2M,d 4 (TKt,d+TKBM,d)/2 2+? /vX h?2b2 /BHv mMBib `2 i?2M bmKK2/ Qp2`
2p2`v /v BM i?2 +H2M/` v2`∑dGDDd- b i?2`2 Bb MQ BM7Q`KiBQM QM i?2 b2bQMH +v+H2
Q7 M+B2Mi +`QTTBM;X *`QT bT2+B}+ HBKBiiBQMb QM ;`Qri? `2 BM+Q`TQ`i2/ i?`Qm;? i?2
#b2 i2KT2`im`2 M/ v2`Hv :.. `2[mB`2K2Mib r?B+? p`v bm#biMiBHHv +`Qbb i?2b2
+`QTbX _B+2 ?b  #b2 i2KT2`im`2 Q7 Ry◦*- M/ i2KT2`i2 `B+2 `2[mB`2b i H2bi k8yy
:.. iQ Kim`2 r?BH2 i`QTB+H `B+2 `2[mB`2b i H2bi kNyy :..X q?2i M/ "`H2v- Km+?
KQ`2 +QH/ iQH2`Mi +`QTb- +H+mHi2 :..b rBi?  #b2 i2KT2`im`2 Q7 y◦*- M/ `2[mB`2 i
H2bi R3yy M/ kyyy :.. `2bT2+iBp2HvX JBHH2ib `2 2biBKi2/ rBi?  #b2 i2KT2`im`2
Q7 8X8◦*- M/ `2[mB`2 KBMBKmK :..b Q7 kyyy 7Q` 7QtiBH KBHH2i M/ kRyy :.. 7Q`
#`QQK+Q`M- i?Qm;? i?2 H+F Q7 `2b2`+? QM KQ/2`M KBHH2ib KF2b i?2b2 bQK2r?i KQ`2
mM+2`iBM 2biBKi2bkj-N9-NjX
.BHv i2KT2`im`2b `2 iF2M 7`QK i?2 :HQ#H >BbiQ`B+H *HBKiQHQ;v L2irQ`F U:>*LVRyyX
aQmi?r2bi *?BM ?b  bT`b2 #mi 2p2M M2irQ`F Q7 r2i?2` biiBQMb i?i `2TQ`i iQ i?2
:>*L- };X XkX AM iQiH i?2`2 `2 N8 biiBQMb BM i?2 v2`b RN8R@kyRk bT`2/ #2ir22M
*?BM M/ LQ`i?2`M h?BHM/X h?2 bKTH2 `2;BQM Bb H`;2` i?M i?2 bBi2b /2b+`B#2/
iQ ++QKQ/i2 `2;BQMb i?i Qi?2` `2b2`+?2`b Kv #2 BMi2`2bi2/ BM- #mi r?B+? /B/ MQi
?p2 /i r?B+? r2 2tKBM2/ BM /2iBHX hQ /2p2HQT  bKQQi? i2KT2`im`2 }2H/ M/
2biBKi2 :..b Qp2` i?2 2MiB`2 `2;BQM  F`B;;BM; i2+?MB[m2 rb TTHB2/8k iQ BMi2`TQHi2
i?2 /BHv biiBQM i2KT2`im`2b QMiQ  8 `+@KBMmi2 /B;BiH 2H2piBQM KQ/2H Q7 i?2 `2;BQM-
1hPSP8RRkX h?2 F`B;;BM; rb /QM2 Qp2` ;`2i@+B`+H2 /BbiM+2b- M/ 2H2piBQM rb BM@
RRj











































































































6B;m`2 Xk, q2i?2` aiiBQMb M/ a2 *Q`2bX 1+? #H+F /Qi `2T`2b2Mib  r2i?2` biiBQM BM
i?Bb 2tTM/2/ pB2r Q7 i?2 bim/v `2;BQM- M/ i?2 `+?2QHQ;v bBi2b `2 b BM };X XRX h?2 b2 +Q`2b
mb2/ iQ BM/B+i2 `2;BQMH i2KT2`im`2b BM i?Bb `2 `2 BM/B+i2/ #v +QHQ`2/ b[m`2b UlK′37 V M/
/BKQM/b UJ;f*V #b2/ QM i?2 T`Qtv ivT2 mb2/ iQ BM72` i2KT2`im`2X
+Q`TQ`i2/ b  +Q@p`Bi2X "2+mb2 :..b ?p2  MQM@HBM2` i?`2b?QH/ `2HiBQMb?BT rBi?
K2M i2KT2`im`2- i?2 /BHv i2KT2`im`2b r2`2 F`B;;2/ M/ i?2M v2`Hv :.. iQiHb
+H+mHi2/ M/ bp2/ 7`QK i?2b2 /BHv 2biBKi2bX h?2 F`B;;BM; 2biBKi2b r2`2 #H2 iQ
TB+F mT  b2bQMH +v+H2 BM i?2 HTb2 `i2- r?B+? rb BM `2bQM#H2 ;`22K2Mi rBi? Qi?2`
KQ/2`M 2biBKi2bd3X
hQ 2biBKi2 i?2 bTiBH bi`m+im`2 Q7 i?2 i2KT2`im`2 }2H/  }t2/ 2tTQM2MiBH p`@
BQ;`K rb TTHB2/ iQ K2M HTb2 `i2 +Q``2+i2/ i2KT2`im`2bX M 2tTQM2MiBH p`B@
Q;`K- γ- rb }i mbBM; MQM@HBM2` H2bi b[m`2b- BKTH2K2MiBM; i?2 G2p2M#2`;@J`[m`/i
RR9
H;Q`Bi?K M/ ?/ i?2 7Q`K-
γ(x) = σ2 + ρ(1− exp(−x/θ)). UXkV
AM ivTB+H F`B;;BM; i2`KBMQHQ;v- σ2 +Q``2bTQM/b iQ i?2 Mm;;2i- ρ Bb i?2 bBHH- M/ θ Bb i?2
`M;2- M/ x Bb i?2 K2M /BbiM+2@#BMM2/ p`BQ;`K 2biBKi2X h?2 }i rb `2bQM#H2
rBi?  b[m`2/ +`Qbb +Q``2HiBQM- _2 = 0.70- #mi i?2`2 rb bm#biMiBH p`B#BHBiv `QmM/
i?2 K2M pHm2b iQ r?B+? i?2 2biBKi2 rb }iX 6Q` bBKTHB+Biv i?Bb bBM;H2 #2bi }i iQ K2M
i2KT2`im`2b rb TTHB2/ iQ 2+? /v `i?2` i?M `2+H+mHiBM; i?2 p`BQ;`K 7Q` 2+?
M2r F`B;;BM; 2biBKi2X
h?2b2 F`B;;BM; 2biBKi2b HHQr  `2bQM#H2 2biBKi2 Q7 i?2 bKQQi? KQ/2`M :.. }2H/
+`Qbb aQmi?r2bi *?BMX 1biBKi2b Q7 TH2Q+HBKiB+ +QM/BiBQMb r2`2 iF2M 7`QK b2p2M
Tm#HB+HHv pBH#H2 b2 +Q`2 `2+Q`/b +QKTBH2/ BMNk M/ Q`B;BMHHv bim/B2/ #vRky-dk-R8y-d9-R8j-R8k-Re3
rBi? i2KT2`im`2 `2+QMbi`m+iBQMb b?QrM BM };X XjX h?2b2 +Q`2b /Q MQi BM/B+i2  +QMbBb@
i2Mi bB;MH Qp2` i?2 iBK2 T2`BQ/ Q7 e8yy@9yy "*1 /m`BM; r?B+? i?2`2 r2`2 +QMbB/2`#H2
+?M;2b BM +`QT T`Q/m+iBQM +`Qbb i?Bb `2;BQMX GQ+H TQHH2M `2+Q`/b T`QpB/2 MQi?2` TQ@
i2MiBH +QMbi`BMi QM i2KT2`im`2 p`B#BHBived- #mi i?2 bB;MH Bb HBF2Hv iQ #2 +QM7QmM/2/
#v Hi2`iBQMb BM ?#Bii #`Qm;?i #Qmi #v i?2 BMi`Q/m+iBQM Q7 ;`B+mHim`2 iQ  bBi2-
M/ i?Bb +?HH2M;2b  +H2M BMi2`T`2iiBQM Q7 i?2 T?vbB+H +HBKi2 bB;MHX aQ `i?2` i?M
+QM/m+iBM;  7Q`KH `2;BQMH i2KT2`im`2 `2+QMbi`m+iBQM- r2 T2`im`# KQ/2`M i2KT2`@
im`2b #v ±1◦* M/ 2tKBM2 i?2 b2MbBiBpBiv Q7 i?2 `B+2 ;`QrBM; `2;BQM iQ i?2b2 KQ/2`i2
MQKHB2b- r?B+? `2 rBi?BM i?2 b+QT2 Q7 i2KT2`im`2 brBM;b BM/B+i2/ #v i?2 b2 +Q`2bX
h?2 MHvbBb b2`p2b iQ BM/B+i2 ?Qr b2MbBiBp2 +`QT `M;2b `2 iQ i2KT2`im`2 p`B#BHBiv
`i?2` i?M T`Q/m+2  7Q`KH `2+QMbi`m+iBQM Q7 i?2 `+?2QHQ;B+H ;`QrBM; MB+?2bX
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6B;m`2 Xj, aKQQi?2/ M/ +2Mi2`2/ b2 +Q`2 i2KT2`im`2bX h?2 T`Qtv i2KT2`im`2b BM/B@
+i2/ i?2 2tT2+i2/ HiBim/BMH ;`/B2Mi M/ `2 /2@K2M2/ M/ bKQQi?2/ rBi? M 2H2p2M TQBMi
irQ@bB/2/ KQpBM; p2`;2 iQ BM/B+i2 i?2 #`Q/ 72im`2b Q7 i2KT2`im`2 BM i?2 `2;BQMX h?2`2 Bb 
+H2` bB;MH +QKBM; Qmi Q7 i?2 Hbi B+2 ;2- #mi 7i2` i?i i?2`2 Bb bB;MB}+Mi `2;BQMH p`B#BHBiv-
r?B+? +?HH2M;2b  bBKTH2 HQ+H `2+QMbi`m+iBQMX h?2 +QHQ`b Q7 2+? HBM2 +Q``2bTQM/ iQ i?2 +QHQ` Q7
2+? TQBMi BM };m`2 XkX
KBbbBQM Q7 `B+2 ;`B+mHim`2 7`QK i?2 >mMM T`QpBM+2 bBi2b BMiQ i?2 aB+?mM "bBMX h?2
:.. 2biBKi2b- };- X9 BM/B+i2 i?i mM/2` KQ/2`M +QM/BiBQMb QMHv i?2 +QQH /Ti2/
i2KT2`i2 `B+2- rBi? :.. `2[mB`2K2Mib b HQr b k8yy◦* /vb T2` v2` ?p2  +QMiBM@
mQmb +Q``B/Q` BM i?2 aQmi?r2bi2`M +Q`M2` Q7 i?2 aB+?mM "bBM #v r?B+? 7`K2`b +QmH/
?p2 /Bzmb2/ i?2B` `B+2 +`QTTBM; i2+?MB[m2b BMiQ i?2 `2X S2`?Tb KQ`2 BMi2`2biBM;-
mM/2`  R◦* +QQHBM;- };X X9#- i?Bb +Q``B/Q` Bb +HQb2/ M/ i?2 aB+?mM "bBM Bb M BbQ@
Hi2/ BbHM/ Q7 TQi2MiBH `B+2 T`Q/m+iBQM b2T`i2/ #v 7Q`KB/#H2 KQmMiBMQmb #``B2`bX
h?2 +Q``B/Q` Q7 +QMiBMmQmbHv +mHiBp#H2 HM/ rB/2Mb +QMbB/2`#Hv mM/2` i?2 r`KBM;
RRe
T2`im`#iBQM- };X X9+- i?Qm;? i`QTB+H `B+2 Bb biBHH #``2/ 7`QK +QMiBMmQmb +mHiBpiBQM
i?`Qm;? i?2 KQmMiBM `M;2X S2`?Tb KQbi bi`BFBM; Bb i?i 2p2M mM/2` i?2 r`KBM;
T2`im`#iBQM HH i?`22 bBi2b /QKBMi2/ #v MQM@`B+2 ;`B+mHim`2 `2 QmibB/2 i?2 2biBKi2/
+mHiBp#H2 `M;2 Q7 i2KT2`i2 `B+2- i?Qm;? i?2v ?Qp2` QM Bib K`;BMX
h?2 [mMiBiBp2 K2bm`2 Q7 +`QT bmBi#BHBiv T`QpB/2/ #v :..b BM/B+i2b i?i i?2 HQM;
/2Hv 7Q` `B+2 iQ KQp2 BMiQ i?2 aB+?mM "bBM rb HBF2Hv  `2bmHi Q7 i?2 Q`Q;`T?B+ #`@
`B2` Q7 i?2 .# KQmMiBMbX h?2 /2p2HQTK2Mi Q7 i2KT2`i2 `B+2 p`B2iB2b rb HBF2Hv 
+`BiB+H +QKTQM2Mi Q7 i?Bb KQp2K2Mi- r?B+? Bb bmTTQ`i2/ #v i?2 ;`BMb 7QmM/ BM i?2
aB+?mM "bBM ?pBM; i?2 b?Q`i M/ i?B+F KQ`T?QHQ;v Q7 i2KT2`i2 `B+2jjX P7 +Qm`b2-
i?2 KQmMiBMb rQmH/ MQi ?p2 T`2p2Mi2/  `TB/ /pM+2 Q7 ;`B+mHim`BbibRj9 Qp2` i?2
HM/b+T2- M/ i?2 H+F Q7 +QMiBMmQmbHv +mHiBp#H2 HM/ rQmH/ MQi ?p2 #22M  #``B2` iQ
H2T@7`Q; 2tTMbBQMX MQi?2` TQbbB#BHBiv Bb i?2 /QTiBQM Q7 ;`B+mHim`2 #v HQ+H +QKKm@
MBiB2b i?`Qm;? +mHim`H /BzmbBQM- #mi i?2`2 Bb HBiiH2 2pB/2M+2 i?i bm;;2bib HQ+H ?mMi2`
;i?2`2`b /QTi2/ M ;``BM HB72bivH2j9X h?2 :.. MHvbBb bm;;2bib i?i i?2 /2p2H@
QTK2Mi Q7 i2KT2`i2 `B+2 p`B2iB2b- T2`?Tb B/2/ #v M 2ti2M/2/ r`K T2`BQ/- rQmH/
?p2 HHQr2/ i?2 b2iiH2/ +QKKmMBiB2b QmibB/2 Q7 i?2 aB+?mM "bBM iQ /Bzmb2 BM M/ b2i
mT i?2B` ;``BM `B+2 #b2/ HB72bivH2 rBi?Qmi i?2 M22/ 7Q`  `TB/ /pM+2- i?Qm;? bm+?
 b+2M`BQ +MMQi #2 `mH2/ QmiX
q?2M i?2 i?2`KH iBK2 +QMbi`BMib `2 TTHB2/ iQ i?2 KQ`2 +QH/ iQH2`Mi KBHH2ib M/
r2bi2`M /QK2biB+i2b i?2 +mHiBp#H2 `2;BQM rB/2Mb +QMbB/2`#Hv- };X 8X HH Q7 i?2 bBi2b
/QKBMi2/ #v KBHH2i `2KBMb `2 r2HH rBi?BM i?2 `M;2 Q7 #Qi? Q7 i?2b2 +`QT ivT2b- M/
i?2 +QMbB/2`#Hv KQ`2 KQmMiBMQmb `2;BQMb iQ i?2 q2bi #2;BM iQ QT2M mT b r2HHX :Bp2M
i?i i?2b2 bBi2b `2 Qmi Q7 i?2 `2;mH`Hv +mHiBp#H2 `2 Q7 i2KT2`i2 `B+2 i?2 BKTQ`iM+2
Q7 KBHH2ib iQ i?2b2 bBi2b Bb BKK2/Bi2Hv +H2`X A7 i?2b2 +QKKmMBiB2b ?/ THMi2/ `B+2- i?2`2



































































































































6B;m`2 X9, _B+2 :`QrBM; .2;`22 .v GBKBib h?2 +QHQ` b+H2 BM/B+i2b i?2 `M;2 Q7 :.. 7`QK
 #b2 i2KT2`im`2 Q7 Ry◦*X h?2 +QMiQm`b BM/B+i2 ;`QrBM; `2;BQMb 7Q` i2KT2`im`2 `B+2 Uk8yy
:..V M/ i`QTB+H `B+2 UkNyy :..VX .Qii2/ HBM2b `2 T`QpBM+2 #QmM/`B2b M/ /b?2/ HBM2b `2
MiBQMH #QmM/`B2bX V :..b +H+mHi2/ 7`QK KQ/2`M i2KT2`im`2b p2`;2/ Qp2` RN8R@kyRk #V
J2M /BHv i2KT2`im`2b /2+`2b2/ #v R◦* T`BQ` iQ +H+mHiBM; :..b +V J2M /BHv i2KT2`im`2b





























































6B;m`2 X8, JBHH2i- q?2i M/ "`H2v :.. GBKBib h?2 +QHQ` b+H2 /BbTHvb :..b +H+mHi2/
7Q` #b2 i2KT2`im`2b Q7 8X8◦* 7Q` i?2 KBHH2ib M/ y◦* 7Q` r?2i M/ #`H2vX h?2 +QMiQm`b BM/B@
+i2 i?2 +mHiBp#H2 `2;BQMb 7Q` 2+? +`QT- /Qii2/ HBM2b `2 T`QpBM+2 #QmM/`B2b M/ /b?2/ HBM2b `2
MiBQMH #QmM/`B2bX V 6QtiBH KBHH2i `2[mB`2b i H2bi kyyy :.. r?BH2 #`QQK+Q`M M22/b kRyy ;Bp@
BM; i?2K M2`Hv Qp2`HTTBM; +mHiBpiBQM `M;2bX #V q?2i `2[mB`2b i H2bi R3yy :.. 7Q` Kim`@
iBQM M/ #`H2v i H2bi kyyy :..- i?2v `2 rB/2Hv +mHiBp#H2 BM+Hm/BM; BMiQ KMv Q7 i?2 KQmMiBM
pHH2vbX h?2b2 HBKBib 2tTM/ M/ +QMi`+i QMHv K`;BMHHv mM/2` i?2 KQ/2bi i2KT2`im`2 T2`im`#@
iBQMb M/ `2 QKBii2/ 7Q` #`2pBivX
i?2 bBi2b +HQb2 iQ i?2 `B+2 ;`QrBM; +QKKmMBiB2b- w?QM;# M/ uBM;TMb?MX .2bTBi2 i?2
+HQb2 T`QtBKBiv i?2b2 bBi2b KBMiBM2/  KBHH2i #b2/ ;`B+mHim`2 2p2M b `B+2 ;`QrBM;
+QKKmMBiB2b /2p2HQT2/ `QmM/ i?2KX >BK2MFQm- i?2 aQmi?r2bi2`MKQbi bBi2 Q7 i?2
KBHH2i ;`QmT- Bb T2`?Tb KQ`2 bi`BFBM; 7Q` i?2 +?M;2 BM +`QT +QKTQbBiBQM 2t+pi2/ i
i?Bb bBi2X h?2 2`HB2bi 2pB/2M+2 BM/B+i2b i?i `B+2 Kv ?p2 K/2 mT  i?B`/ Q7 Bib +`QT
KBt- #mi Qp2` iBK2 i?Bb rb bi2/BHv `2TH+2/ #v KBHH2i M/ i?2M r?2iX h?2`2 `2 `2b
i?i `B+2 +QmH/ TQi2MiBHHv ?p2 #22M ;`QrM BM M2` >BK2MFQm- i?2 +HQb2bi Q7 r?B+? Bb
jyFK rv- ++Q`/BM; iQ i?2 +Q`b2 /B;BiH 2H2piBQM KQ/2H TTHB2/ ?2`2X lM/2` KQ/2`M
+QM/BiBQMb i2KT2`i2 `B+2 rQmH/ ?p2 i?`Bp2/ BM #Qmi  i?B`/ Q7 v2`bX >Qr2p2`- i?2
:.. 2biBKi2b +H2`Hv BM/B+i2 i?i KBHH2ib M/ r?2i rQmH/ ?p2 #22M Km+? b72`
RRN
+`QTb iQ +mHiBpi2X :`QrBM; /2;`22 /vb b?Qr i?i HH Q7 i?2b2 bBi2b r2`2 #2ii2` bmBi2/
iQ +`QTb r?B+? Kim`2 BM +QQH2` +QM/iBQMb- BM ;`22K2Mi rBi? i?2 `+?2QHQ;B+H `2+Q`/X
h?2 mb2 Q7 ;`QrBM; /2;`22 /vb iQ MHvx2 +`QT bmBi#BHBiv ?2HTb iQ #`BM; KQ/2`M
;`QMQKB+ BMbB;?i iQ #2` QM +HbbB+ `+?2QHQ;B+H [m2biBQMb `2;`/BM; i?2 bT`2/ Q7
;`B+mHim`2X h?Bb MHvbBb ?b ?B;?HB;?i2/ i?2 BKTQ`iM+2 Q7 i2KT2`i2 `B+2 p`B2iB2b 7Q`
b2iiHBM; i?2 aB+?mM "bBM M/ i?2 rB/2bT`2/ BKTQ`iM+2 Q7 KBHH2ib 7Q` ;``BM +QK@
KmMBiB2b BM KQmMiBMQmb bBi2bX 6m`i?2` rQ`F +QmH/ T`Q/m+2 KQ`2 `2}M2/ 2biBKi2b Q7
TH2Q+HBKi2 iQ KQ`2 +HQb2Hv +QmTH2 i?2 iBKBM; Q7 ;``BM b2iiH2K2Mi Q` +`QT i`MbBiBQM
rBi? +HBKiB+ 2p2MibX aBKBH`Hv- KQ`2 `2}M2/ KQ/2Hb Q7 +`QT bmBi#BHBiv- T2`?Tb BM+Q`@
TQ`iBM; T`2+BTBiiBQM b r2HH- rQmH/ ?2HT iQ `2}M2 r?v T`iB+mH` +`QTb r2`2 b2H2+i2/
i i?2B` `2bT2+iBp2 bBi2bX h?2 `+?2Q#QiMB+H /i +QmH/ HbQ #2 mb2/ b M //BiBQMH
TH2Q+HBKi2 T`Qtv iQ // BMiQ Qi?2` i2KT2`im`2 `2+QMbi`m+iBQMbX q?BH2 i?2 bBimiBQM
Q7 2`Hv ;`B+mHim`H +QKKmMBiB2b b2iiHBM; i2``BiQ`v Bb +QMbB/2`#Hv /Bz2`2Mi i?M +QM@
i2KTQ``v ?mKMb /TiBM; iQ  +?M;BM; +HBKi2- i?2 `+?2QHQ;B+H `2+Q`/ T`QpB/2b
M QTTQ`imMBiv iQ BMp2biB;i2 i?2 KMv rvb BM r?B+? ?mKMb ?p2 /Ti2/ i?2Kb2Hp2b
iQ MQp2H +QM/BiBQMb M/ BHHmKBMi2 i?2 miBHBiv Q7 +`QTb- bm+? b KBHH2ib- r?B+? `2 MQi b
rB/2Hv ;`QrM mM/2` +QMi2KTQ``v +QM/BiBQMbX "v BMp2biB;iBM; ?BbiQ`B+H ?mKM /T@




(R) #2M/`Qi?- GX- 1HKQ`2- _X- "Qv2`- JX-  J`Hv- aX UkyRRVX *Q`M ;`Qri? M/
/2p2HQTK2MiX SJ_ RyyNX AQr aii2 lMBp2`bBiv 1ti2MbBQM- K2b- AQrX
(k) BMbrQ`i?- 1X X  P`i- .X _X UkyRyVX >Qr /Q r2 BKT`Qp2 +`QT T`Q/m+iBQM BM 
r`KBM; rQ`H/X SHMi S?vbBQHQ;v- R89- 8keĜ8jyX
(j) HH2M- JX _X- 6`K2- .X CX- >mMiBM;7Q`/- *X- CQM2b- *X .X- GQr2- CX X- J2BM@
b?mb2M- JX-  J2BMb?mb2M- LX UkyyNVX q`KBM; +mb2/ #v +mKmHiBp2 +`#QM
2KBbbBQMb iQr`/b i?2 i`BHHBQMi? iQMM2X Lim`2- 983Udk9kV- RRejĜRReeX
(9) M/`/2- 6X- Pi2;mB- JX-  o2;- *X UkyyyVX AMi2`+2Ti2/ `/BiBQM i ~Qr2`BM;
M/ F2`M2H MmK#2` BM KBx2X ;`QMX CX- Nk- NkĜNdX
(8) mz?KK2`- JX  a+?H2MF2`- qX UkyR9VX 1KTB`B+H bim/B2b QM ;`B+mHim`H BK@
T+ib M/ /TiiBQMX 1M2`;v 1+QMQKB+b- 9e- 888Ĝ8eRX
(e) "/m@T`Fm- "X- >mMi2`- _X-  hQHH2M`- JX URN3jVX 1z2+i Q7 h2KT2`im`2
/m`BM; :`BM 6BHHBM; QM q?QH2 SHMi M/ :`BM uB2H/ BM JBx2 Uw2 Jvb GXVX
*MX CX SHMi a+BX- ej- j8dĜjejX
(d) "`F2`- hX- *KTQb- >X- *QQT2`- JX- .QHM- .X- 1/K2/2b- :X- >##2M- CX-
a+?mbbH2`- CX- q`B;?i- .X-  wBMb2HK2B2`- *X Ukyy8VX SHMi "`22/BM; _2pB2rb-
pQHmK2 k8- +?Ti2` AKT`QpBM; .`Qm;?i hQH2`M+2 BM JBx2X CQ?M qBH2v M/ aQMbX
(3) "iiBbiB- .X  LvHQ`- _X UkyyNVX >BbiQ`B+H r`MBM;b Q7 7mim`2 7QQ/ BMb2+m`Biv
rBi? mMT`2+2/2Mi2/ b2bQMH ?2iX a+B2M+2- jkj- k9yĜk99X
(N) "2/H2- :X qX URNjNVX h2QbBMi2 M/ i?2 Q`B;BM Q7 KBx2X CQm`MH Q7 >2`2/Biv-
jyUeV- k98Ĝk9dX
(Ry) "2``v- aX hX- _Q#2`ib- JX CX-  a+?H2MF2`- qX UkyRjVX *Q`M S`Q/m+iBQM a?Q+Fb
BM kyRk M/ "2vQM/, AKTHB+iBQMb 7Q` >`p2bi oQHiBHBivX lMBp2`bBiv Q7 *?B+;Q
S`2bbX
RkR
(RR) "BM7Q`/- GX UkyRRVX *QMbi`m+iBM; 6`K2b Q7 _272`2M+2, M MHviB+H J2i?Q/ 7Q`
`+?2QHQ;B+H h?2Q`v "mBH/BM; lbBM; >mMi2`@;i?2`2` M/ 1MpB`QMK2MiH .i
a2ibX "2`F2H2v, lMBp2`bBiv Q7 *HB7Q`MB S`2bbX
(Rk) "QBbbQMMi- CX@.X- .2pBHH2`b- PX- SBQM- aX- h2BHHm/- JX-  upBM2+- JX UkyykVX
h`BM;mHiBQMb BM *:GX *QKTmiiBQMH :2QK2i`v- UTTX 8ĜRN- b BKTH2K2Mi2/ BM
JiH# kyRy#VX
(Rj) "QMM- :Q`/QM- "X UkyyRVX P#b2`piBQMH 1pB/2M+2 7Q` _2/m+iBQM Q7 .BHv Jt@
BKmK h2KT2`im`2 #v *`QTHM/b BM i?2 JB/r2bi lMBi2/ aii2bX CQm`MH Q7 *HB@
Ki2- R9- k9jyĜk99kX
(R9) "Q``b- GX- aH72`- :X-  Pi2;mB- JX Ukyy9VX a22/ /`v r2B;?i `2bTQMb2 iQ bQm`+2@
bBMF KMBTmHiBQMb BM r?2i- KBx2 M/ bQv#2M,  [mMiBiiBp2 `2TT`BbHX 6B2H/
*`QTb _2b2`+?- 3e- RjRĜR9eX
(R8) "Qb2`mT- 1X URNe8VX h?2 *QM/BiBQMb Q7 ;`B+mHim`H :`Qri?X GQM/QM, :2Q`;2
HH2M M/ lMrBM Gi/X
(Re) "Qv2`- CX URNdyVX G27 2MH`;2K2Mi M/ K2i#QHB+ `i2b BM +Q`M- bQv#2M- M/
bmM~Qr2` i p`BQmb H27 ri2` TQi2MiBHbX SHMi S?vbBQHX- 9e- kjjĜkj8X
(Rd) "`/H2v- LX GX- G2QTQH/- X *X- _Qbb- CX-  >mzF2`- qX URNNNVX S?2MQHQ;B+H
+?M;2b `2~2+i +HBKi2 +?M;2 BM qBb+QMbBMX S`Q+X LiHX +/X a+BX la- Ne-
NdyRĜNdy9X
(R3) "miH2`- 1X 1X  >mv#2`b- SX UkyRjVX /TiiBQM Q7 la JBx2 iQ h2KT2`im`2
o`BiBQMbX Lim`2 *HBKX *?M;2- j- e3ĜdkX
(RN) "miH2`- 1X 1X  >mv#2`b- SX UkyRj#VX la KBx2 /Ti#BHBiv, `2THvX Lim`2 *HBKX
*?M;2- j- eNRĜeNkX
(ky) "miH2`- 1X 1X  >mv#2`b- SX UkyR8VX o`BiBQMb BM i?2 b2MbBiBpBiv Q7 la KBx2
vB2H/ iQ 2ti`2K2 i2KT2`im`2b #v `2;BQM M/ ;`Qri? T?b2X 1MpB`QMX _2bX G2iiX-
Ry- yj9yyN- /QB,RyXRy33fRd93ĜNjkefRyfjfyj9yyNX
(kR) *M}2H/- .X 1X- :Hx2`- X LX-  6HFQrbFB- SX :X UkyRyVX h?2 2pQHmiBQM M/
7mim`2 Q7 2`i?Ƕb MBi`Q;2M +v+H2X a+B2M+2- jjyUeyyRV- RNkĜRNeX
(kk) *`+Qp- CX  Pi2;mB- JX UkyyRVX 1` i2KT2`im`2 M/ TQHHBMiBQM iBKBM; 2z2+ib
QM KBx2 F2`M2H b2iX *`QT a+BX- 9R- R3yNĜR3R8X
(kj) *`/2Mb- X *X URN3jVX  T?2MQ@+HBKiQHQ;B+H bb2bbK2Mi Q7 KBHH2ib M/ Qi?2`
+2`2H ;`BMb BM i`QTB+H +`QTTBM; Tii2`MbX Jbi2`Ƕb i?2bBb- lMBp2`bBiv Q7 L2#`bF-
>Q`iB+mHim`2X
Rkk
(k9) *`HbQM- _X URNNyVX >2i ai`2bb- SHMi@pBH#H2 aQBH JQBbim`2- M/ *Q`M uB2H/b
BM AQr,  a?Q`i@ M/ GQM;@h2`K oB2rX CX Q7 S`Q/X ;`B+X- j- kNjĜkNdX
(k8) *bbKM- EX :X URNNNVX 1+QHQ;B+H BMi2MbB}+iBQM Q7 +2`2H T`Q/m+iBQM bvbi2Kb,
uB2H/ TQi2MiBH- bQBH [mHBiv- M/ T`2+BbBQM ;`B+mHim`2X S`Q+22/BM;b Q7 i?2 LiBQMH
+/2Kv Q7 a+B2M+2b- NeURRV- 8N8kĜ8N8NX
(ke) *bbKM- EX :X- :`bbBMB- SX-  pM q`i- CX UkyRRVX >M/#QQF Q7 *HBKi2 *?M;2
M/ ;`Q2+Qbvbi2Kb- +?Ti2` *`QT uB2H/ SQi2MiBH- uB2H/ h`2M/b M/ :HQ#H 6QQ/
a2+m`Biv BM  *?M;BM; *HBKi2X AKT2`BH *QHH2;2 S`2bb, GQM/QMX
(kd) *pHB2`B- X  aKBi?- PX URN39VX :`BM }HHBM; M/ }2H/ /`vBM; Q7  b2i Q7 KBx2
?v#`B/b `2H2b2/ 7`QK RNjy iQ RN3kX *`QT a+B2M+2- k8- 38eĜ3eyX
(k3) *?HHBMQ`- X CX- S`F2b- "X-  _KB`2x@oBHH2;b- CX UkyR8VX *`QT vB2H/ `2bTQMb2
iQ +HBKi2 +?M;2 p`B2b rBi? +`QTTBM; BMi2MbBivX :HQ#H *?M;2 "BQHQ;v- UTTX /QB,
RyXRRRRf;+#XRk3y3VX
(kN) *B++?BMQ- JX- _iiHBMQ 1/`2B`- CX-  Pi2;mB- JX UkyRyVX >2i bi`2bb /m`BM;
Hi2 p2;2iiBp2 ;`Qri? Q7 KBx2, 1z2+ib QM T?2MQHQ;v M/ bb2bbK2Mi Q7 QTiBKmK
i2KT2`im`2X *`QT a+BX- 8y- R9jRĜR9jdX
(jy) *QmKQm- .X  _Q#BMbQM- X UkyRjVX >BbiQ`B+ M/ 7mim`2 BM+`2b2 BM i?2 ;HQ#H HM/
`2b z2+i2/ #v KQMi?Hv ?2i 2ti`2K2bX 1MpB`QMX _2bX G2iiX- 3- /QB,RyXRy33fRd93Ĝ
Njkef3fjfyj9yR3X
(jR) *`7ib@"`M/M2`- aX CX  aHpm++B- JX UkyykVX a2MbBiBpBiv Q7 S?QiQbvMi?2bBb BM 
*9 SHMi- JBx2- iQ >2i ai`2bbX SHMi S?vbBQH- RkN- RddjĜRd3yX
(jk) *`m7m`/- SX  q?22H2`- hX UkyyNVX *HBKi2 +?M;2 M/ i?2 ~Qr2`BM; iBK2 Q7
MMmH +`QTbX CX 1tTX "QiX- eyUNV- k8kNĜk8jNX
(jj) .ǶHTQBK :m2/2b- CX  "miH2`- 1X 1X UkyR9VX JQ/2HBM; +QMbi`BMib QM i?2 bT`2/
Q7 ;`B+mHim`2 iQ aQmi?r2bi *?BM rBi? i?2`KH MB+?2 KQ/2HbX Zmi2`M`v AMi2`@
MiBQMH- j9N- kNĜ9R- ?iiT,ff/tX/QBXQ`;fRyXRyRefDX[mBMiXkyR9Xy3XyyjX
(j9) .ǶHTQBK :m2/2b- CX- CBM;- JX- >2- EX- qm- sX-  CBM;- wX UkyRjVX aBi2 Q7
"Q/mM vB2H/b 2`HB2bi 2pB/2M+2 7Q` i?2 bT`2/ Q7 `B+2 M/ 7QtiBH KBHH2i ;`B+mHim`2
iQ bQmi?@r2bi *?BMX MiB[mBiv- 3dUjjdV- d83ĜddRX
(j8) /2 "`mvM- GX  /2 C;2`- CX URNd3VX  K2i2Q`QHQ;B+H TT`Q+? iQ i?2 B/2MiB}+iBQM
Q7 /`Qm;?i b2MbBiBp2 T2`BQ/b BM }2H/ +`QTbX ;`B+X J2i2Q`QHX- RN- j8Ĝ9yX
(je) .2 GmHMBû- >X UkyRRVX AMi2MbBp2 _B+2 6`KBM; BM J/;b+`X h`QTB+mHim`-
kNUjV- R3jĜR3dX
Rkj
(jd) .2`vM;- .X- a+Fb- qX- "`7Q`/- *X-  _KMFmiiv- LX UkyRRVX aBKmHiBM; i?2
2z2+ib Q7 +HBKi2 M/ ;`B+mHim`H KM;2K2Mi T`+iB+2b QM ;HQ#H +`QT vB2H/X
:HQ#H "BQ;2Q+?2KX *v+H2b- k8- :"kyye- /QB,RyXRykNfkyyN:"yyjde8X
(j3) .Bz2M#m;?- LX- >2`i2H- hX- a+?2`2`- JX-  o2`K- JX UkyRkVX _2bTQMb2 Q7
+Q`M K`F2ib iQ +HBKi2 pQHiBHBiv mM/2` Hi2`MiBp2 2M2`;v 7mim`2bX Lim`2 *HBKX
*?M;2- k- 8R9Ĝ8R3X
(jN) .Bz2M#m;?- LX aX  b?7[- JX UkyRyVX AMi2MbB}+iBQM Q7 ?Qi 2t@
i`2K2b BM i?2 mMBi2/ bii2bX :2QT?vbB+H _2b2`+? G2ii2`b- jd- GR8dyR-
/QB,RyXRykNfkyRy:Gy9j333X
(9y) .mzv- SX  h2#H/B- *X UkyRkVX AM+`2bBM; T`2pH2M+2 Q7 2ti`2K2 bmKK2` i2KT2`@
im`2b BM i?2 lXaX *HBKiB+ *?M;2- RRR- 93dĜ9N8X
(9R) .mpB+F- .X Ukyy8VX :2M2iB+ S`Q;`2bb BM uB2H/ Q7 lMBi2/ aii2b JBx2 Uw2 Jvb
GXVX Jv/B+- 8y- RNjĜkykX
(9k) 1bi2`HBM;- .X- 1pMb- CX- :`QBbKM- SX uX- E`H- hX- EmMF2H- EX-  K#2MD2-
SX URNNNVX P#b2`p2/ p`B#BHBiv M/ i`2M/b BM 2ti`2K2 +HBKi2 2p2Mib,  #`B27
`2pB2r X "mHH2iBM Q7 i?2 K2`B+M J2i2Q`QHQ;B+H aQ+B2iv- UTTX 9RdĜ9k8VX
(9j) 1bi2`HBM;- 2X X UkyydVX *HBKi2 *?M;2 kyyd, AKT+ib- /TiiBQM M/ omHM2`@
#BHBivX *QMi`B#miBQM Q7 qQ`FBM; :`QmT AA iQ i?2 6Qm`i? bb2bbK2Mi _2TQ`i Q7
i?2 AMi2`;Qp2`MK2MiH SM2H QM *HBKi2 *?M;2- +?Ti2` 6QQ/- 6B#`2 M/ 6Q`2bi
S`Q/m+ibX *K#`B/;2 lMBp2`bBiv S`2bbX
(99) 1bi2`HBM;- qX UkyRRVX >M/#QQF Q7 *HBKi2 *?M;2 M/ ;`Q2+Qbvbi2Kb- +?Ti2`
:mB/2HBM2b 7Q` /TiBM; ;`B+mHim`2 iQ *HBKi2 *?M;2X AKT2`BH *QHH2;2 S`2bb,
GQM/QMX
(98) 1/;2`iQM- JX UkyyNVX AM+`2bBM; +`QT T`Q/m+iBpBiv iQ K22i ;HQ#H M22/b 7Q` 722/-
7QQ/- M/ 7m2HX SHMi S?vbBQHX- R9N- dĜRjX
(9e) 1;HB- .X Ukyy9VX /pM+2b BM ;`QMQKv- pQHmK2 3j- +?Ti2` a22/@6BHH .m`iBQM
M/ uB2H/ Q7 :`BM *`QTbX 1Hb2pB2`X
(9d) 1HHrQQ/- 1X _X- h2KTH2- aX X- S`BK+F- _X "X- "`/H2v- LX GX-  .pBb- *X *X
UkyRjVX _2+Q`/@#`2FBM; 2`Hv ~Qr2`BM; BM i?2 2bi2`M mMBi2/ bii2bX SHQb PM2-
3URVX
(93) 1HKQ`2- _X UkyyNVX h?2 *Q`M M/ *HBKi2 _2TQ`iX AQr aii2 lMBp2`bBivX
(9N) 1pMb- GX URNNjVX *`QT 1pQHmiBQM- /TiiBQM- M/ uB2H/X *K#`B/;2- lE, *K@
#`B/;2 lMBp2`bBiv S`2bbX
Rk9
(8y) 1pMb- GX URNN3VX 622/BM; i?2 h2M "BHHBQMX *K#`B/;2- lMBi2/ EBM;/QK, *K@
#`B/;2 lMBp2`bBiv S`2bbX
(8R) 6P UkyR9VX *?Ti2` j @ K2i2Q`QHQ;B+H /iX
(8k) 6B2H/b .2p2HQTK2Mi h2K UkyyeVX hQQHb 7Q` aTiBH .iX LiBQMH *2Mi2` 7Q`
iKQbT?2`B+ _2b2`+?- "QmH/2`- *PX
(8j) 6Bb+?2`- 1X JX- a2M2pB`iM2- aX- oB/H2- SX- GɃi?B- .X-  a+? `- *X UkyydVX aQBH
JQBbim`2@iKQbT?2`2 AMi2`+iBQMb /m`BM; i?2 kyyj 1m`QT2M amKK2` >2i qp2X
CQm`MH Q7 *HBKi2- UTTX 8y3RĜ8yNNVX
(89) 6`QHFBM;- aX- ZBm- CX- "QH2b- aX- sBQ- sX- GBm- CX- w?mM;- uX- GB- *X-  ZBM- sX
UkyykVX *QK#BMBM; `2KQi2 b2MbBM; M/ ;`QmM/ +2Mbmb /i iQ /2p2HQT M2r KTb
Q7 i?2 /Bbi`B#miBQM Q7 `B+2 ;`B+mHim`2 BM *?BMX :HQ#H "BQ;2Q+?2KX *v+H2b- ReU9V-
RyNR- /QB,RyXRykNfkyyR:"yyR9k8X
(88) :K#őM- "X- "Q``b- GX-  Pi2;mB- JX UkyydVX E2`M2H ri2` `2HiBQMb M/ /m`iBQM
Q7 ;`BM }HHBM; BM KBx2 i2KT2`im`2 ?v#`B/bX 6B2H/ *`QTb _2b2`+?- RyR- RĜNX
(8e) :Q- uX- 6m- CX- .`F2- CX- GBm- uX-  GK`[m2- CX@6X UkyRkVX S`QD2+i2/
+?M;2b Q7 2ti`2K2 r2i?2` 2p2Mib BM i?2 2bi2`M lMBi2/ aii2b #b2/ QM  ?B;?
`2bQHmiBQM +HBKi2 KQ/2HBM; bvbi2KX 1MpB`QMX _2bX G2iiX- d- /QB,RyXRy33fRd93Ĝ
Njkefdf9fy99yk8X
(8d) :`/M2`- "X- "H/- "X-  qiib- .X URN3RVX SHMi M/ B` i2KT2`im`2b BM
/Bz2`2MiBHHv@B``B;i2/ +Q`M X ;`B+X J2i2Q`QHX- k8- kydĜkRdX
(83) :2`HM/- SX- _7i2`v- X 1X- ȑ2pÍőFQp- >X- GB- LX- :m- .X- aTQQ`2M#2`;- hX-
HF2K- GX- 6Qb/B+F- "X EX- *?mMM- CX- GHB+- LX- "v- :X- "m2iiM2`- hX- >2BHB;-
:X EX-  qBHKQi?- CX UkyR9VX qQ`H/ TQTmHiBQM bi#BHBxiBQM mMHBF2Hv i?Bb +2Mim`vX
a+B2M+2- j9eUekyeV- kj9ĜkjdX
(8N) :BzQ`/- _X- h?Q`M2- CX- >Bix- qX-  :B[mBMi- _X URN39VX *`QT T`Q/m+iBpBiv M/
T?QiQbbBKBHi2 T`iBiBQMBM;X a+B2M+2- kk8- 3yRĜ3y3X
(ey) :QH/bi2BM- X >X- EQp2M- *?`H2b- .X- >2H/- *X GX-  6mM;- AX uX UkyyNVX "BQ;2MB+
+`#QM M/ Mi?`QTQ;2MB+ TQHHmiMib +QK#BM2 iQ 7Q`K  +QQHBM; ?x2 Qp2` i?2
bQmi?2bi2`M lMBi2/ aii2bX S`Q+X LiHX +/X a+BX la- RyeUkkV- 33j8Ĝ339yX
(eR) :Qm`/DB- aX- aB#H2v- X-  GQ#2HH- .X UkyRjVX :HQ#H +`QT 2tTQbm`2 iQ +`BiB+H ?B;?
i2KT2`im`2b BM i?2 `2T`Q/m+iBp2 T2`BQ/, ?BbiQ`B+H i`2M/b M/ 7mim`2 T`2/B+iBQMbX
1MpB`QMX _2bX G2iiX- 3- RyTTX
Rk8
(ek) :mMi2`- GX- w?M;- uX- CmM;- JX- CQBM2`- CX- oQB;i- JX- "2``v- CX X- 6`MF2M#2`;-
*X- >m2i2- X _X- w`+Q@h2D/- SX- G22- CX@1X- JQ`M- JX aX- SQM+2@*KTQb- :X-
"22`- *X- *KTb@oHHb- :X- "m+?KMM- LX- :BM2HH2- .X- EHmKTT- EX- *2b+iiB-
X- "F2`- CX JX-  :`B{b- hX CX UkyR9VX :HQ#H M/ iBK2@`2bQHp2/ KQMBiQ`BM;
Q7 +`QT T?QiQbvMi?2bBb rBi? +?HQ`QT?vHH ~mQ`2b+2M+2X S`Q+22/BM;b Q7 i?2 LiBQMH
+/2Kv Q7 a+B2M+2b- RRRUR9V- 1RjkdĜ1RjjjX
(ej) :mBK`½2b- SX /X aX- "2`MBMB- *X aX- S2/`QbQ- 6X EX-  Si2`MBMB- JX 1X UkyR9VX
*?`+i2`BxBM; +Q`M ?v#`B/b Uw2 Jvb GV 7Q` ri2` b?Q`i;2 #v T`BM+BTH +QK@
TQM2Mib MHvbBbX Jv/B+- 8N- dkĜdNX
(e9) :mMb2i- :X  `M/i- JX URNNjVX 6HQQ/BM; 2tT2+i2/ iQ Tmi KDQ` /2Mi BM +`QT
vB2H/bX
(e8) >rFBMb- 1X- 6`B+F2`- hX- *?HHBMQ`- X- 62``Q- *X- >Q- *X-  Pb#Q`M2- hX UkyRjVX
AM+`2bBM; BM~m2M+2 Q7 ?2i bi`2bb QM 6`2M+? KBx2 vB2H/b 7`QK i?2 RNeyb iQ i?2
kyjybX :HQ#H *?M;2 "BQHQ;v- RN- NjdĜN9dX
(ee) >v- _X  SQ`i2`- CX _X UkyyeVX h?2 S?vbBQHQ;v Q7 *`QT uB2H/X "H+Fr2HH Sm#HBb?@
BM;- b2+QM/ 2/BiBQMX
(ed) >2- uX- h?2FbiQM2- qBH7`2/- >X- w?QM;HBM- wX- .BM- wX- hM/QM;- uX- hmQ- *X-
uQM;TBM;- aX-  >QM;tB- SX Ukyy9VX bvM+?`QMQmb >QHQ+2M2 +HBKiB+ +?M;2b
+`Qbb *?BMX Zmi2`M`v _2b2`+?- eR- 8kĜejX
(e3) >2H/- AX  aQ/2M- "X UkyyeVX _Q#mbi `2bTQMb2 Q7 i?2 ?v/`QHQ;B+H +v+H2 iQ ;HQ#H
r`KBM;X CX *HBKi2- RN- 8e3eĜ8eNNX
(eN) >mv#2`b- SX- J+EBMMQM- EX- _?BM2b- X-  hBM;H2v- JX UkyR9VX lXaX /BHv i2K@
T2`im`2b, i?2 K2MBM; Q7 2ti`2K2b BM i?2 +QMi2ti Q7 MQM@MQ`KHBivX CQm`MH Q7
*HBKi2- BM T`2bb- /QB,RyXRRd8fC*GAĜ.ĜR9ĜyykReXRX
(dy) CQM2b- JX- >mMi- >X- GB;?i7QQi- 1X- GBbi2`- .X- GBm- sX-  JQimxBi2@Jimx2pB+Bmi2-
:X UkyRRVX 6QQ/ ;HQ#HBxiBQM BM T`2?BbiQ`vX qQ`H/ `+?2QHQ;v- 9jU9V- ee8Ĝed8-
.PA, RyXRy3yfyy9j3k9jXkyRRXek9de9X
(dR) CQM2b- _X- Pmii`- aX-  *`QQFbiQM- _X EX URN39VX h?2`KH 2MpB`QMK2Mi /m`BM;
2M/QbT2`K +2HH /BpBbBQM M/ ;`BM }HHBM; BM KBx2, 1z2+ib QM F2`M2H ;`Qri? M/
/2p2HQTK2Mi BM pBi`QX *`QT a+BX- kURjj@RjdVX
(dk) EB2Mbi- JX- ai2BMF2- aX- aiii2;;2`- EX-  *Hp2`i- aX UkyyRVX avM+?`QMQmb h`QT@
B+H aQmi? *?BM a2 aah *?M;2 M/ :`22MHM/ q`KBM; .m`BM; .2;H+BiBQMX
a+B2M+2- kNR- kRjkĜkRj9X
Rke
(dj) EB`iKM- "X- SQr2`- aX- /2/QvBM- CX- "Q2`- :X- "QD`Bm- _X- *KBHHQMB- AX- .Q#Hb@
_2v2b- 6X- 6BQ`2- X- EBKQiQ- JX- J22?H- :X- S`i?2`- JX- a``- X- a+? `- *X-
amiiQM- _X- pM PH/2M#Q`;?- :X- o2++?B- :X-  qM;- >X UkyRjVX *HBKi2 *?M;2
kyRj, h?2 S?vbB+H a+B2M+2 "bBbX *QMi`B#miBQM Q7 qQ`FBM; :`QmT A iQ i?2 6B7i?
bb2bbK2Mi _2TQ`i Q7 i?2 AMi2`;Qp2`MK2MiH SM2H QM *HBKi2 *?M;2- +?Ti2`
L2`@i2`K *HBKi2 *?M;2, S`QD2+iBQMb M/ S`2/B+i#BHBivX *K#`B/;2 lMBp2`bBiv
S`2bb, *K#`B/;2- lMBi2/ EBM;/QK M/ L2r uQ`F- Lu- laX
(d9) Em#Qi- uX- EibmMQ`B- EX- h/- _X- P/- >X- uQFQvK- uX-  JibmxFB- >X
UkyRyVX o`BiBQMb Q7 1bi bBM bmKK2` KQMbQQM bBM+2 i?2 Hbi /2;H+BiBQM
#b2/ QM J;f* M/ Qtv;2M BbQiQT2 Q7 THMFiB+ 7Q`KBMB72` BM i?2 MQ`i?2`M 1bi
*?BM a2X SH2Q+2MQ;`T?v- k8- S9ky8- /QB,RyXRykNfkyyNSyyR3NRX
(d8) Em+?`BF- *X UkyyeVX  JmHiB/2+/H h`2M/ Q7 1`HB2` *Q`M SHMiBM; BM i?2 *2Mi`H
laX ;`QMX CX- N3- R899ĜR88yX
(de) Em+?`BF- *X CX Ukyy3VX *QMi`B#miBQM Q7 SHMiBM; .i2 h`2M/b iQ AM+`2b2/ JBx2
uB2H/b BM i?2 *2Mi`H lMBi2/ aii2bX ;`QMX CX- RyyUkV- jk3ĜjjeX
(dd) Gm- LX@*X  Li?- JX CX UkyRkVX  JQ/2H aim/v Q7 >2i qp2b Qp2` LQ`i?
K2`B+, J2i2Q`QHQ;B+H bT2+ib M/ S`QD2+iBQMb 7Q` i?2 hr2Miv@6B`bi *2Mim`vX
CQm`MH Q7 *HBKi2- k8- 9deRĜ9d39X
(d3) GB- sX- qM;- GX- *?2M- .X- uM;- EX- sm2- "X-  amM- GX UkyRRVX L2`@bm`7+2 B`
i2KT2`im`2 HTb2 `i2b BM i?2 KBMHM/ *?BM /m`BM; RNek@kyRRX CX Q7 :2QT?vbX
_2bX iKQbX- RR3- d8y8Ĝd8R8- /QB,RyXRyykfD;`/X8y88jX
(dN) GQ#2HH- .X UkyR9VX *HBKi2 +?M;2 /TiiBQM BM +`QT T`Q/m+iBQM, "2r`2 Q7
BHHmbBQMbX :HQ#H 6QQ/ a2+m`Biv- ?iiT,ff/tX/QBXQ`;fRyXRyRefDX;7bXkyR9Xy8XyykBX
(3y) GQ#2HH- .X  bM2`- :X SX UkyyjVX *HBKi2 M/ JM;2K2Mi *QMi`B#miBQMb iQ
_2+2Mi h`2M/b BM lXaX ;`B+mHim`H uB2H/bX a+B2M+2- kNN- RyjkX
(3R) GQ#2HH- .X  "m`F2- JX UkyRyVX *HBKi2 *?M;2 M/ 6QQ/ a2+m`Biv, /TiBM;
;`B+mHim`2 iQ  q`K2` qQ`H/- pQHmK2 jdX aT`BM;2`X
(3k) GQ#2HH- .X  6B2H/- *X UkyydVX :HQ#H b+H2 +HBKi2@+`QT vB2H/ `2HiBQMb?BTb M/
i?2 BKT+ib Q7 `2+2Mi r`KBM;X 1MpB`QMX _2bX G2iiX- UTTX dTTVX
(3j) GQ#2HH- .X- _Q#2`ib- JX- a+?H2MF2`- qX- "`mM- LX- GBiiH2- "X- _2D2bmb- _X- 
>KK2`- :X UkyR9VX :`2i2` a2MbBiBpBiv iQ .`Qm;?i ++QKTMB2b JBx2 uB2H/
AM+`2b2 BM i?2 lXaX JB/r2biX a+B2M+2- j99- 8ReĜ8RNX
(39) GQ#2HH- .X  h2#H/B- *X UkyR9VX :2iiBM; +m;?i rBi? Qm` THMib /QrM, i?2 `BbFb
Q7  ;HQ#H +`QT vB2H/ bHQr/QrM 7`QK +HBKi2 i`2M/b BM i?2 M2ti irQ /2+/2bX
1MpB`QMX _2bX G2iiX- NX
Rkd
(38) GQ#2HH- .X "X- " MxB;2`- JX- J;Q`QFQb?Q- *X-  oBp2F- "X UkyRRVX LQMHBM2`
?2i 2z2+ib QM 7`B+M KBx2 b 2pB/2M+2/ #v ?BbiQ`B+H vB2H/ i`BHbX Lim`2 *HBKX
*?M;2- R- 9kĜ98X
(3e) GQ#2HH- .X "X- "m`F2- J`b?HH- "X- h2#H/B- *X- Jbi`M/2- JB+?2H- .X- 6H+QM-
qHi2`- SX-  LvHQ`- _X GX Ukyy3VX S`BQ`BiBxBM; +HBKi2 +?M;2 /TiiBQM M22/b
7Q` 7QQ/ b2+m`Biv BM kyjyX a+B2M+2- jRN- eydĜeRyX
(3d) GQ#2HH- .X "X  "m`F2- JX "X Ukyy3VX q?v `2 ;`B+mHim`H BKT+ib Q7 +HBKi2
+?M;2 bQ mM+2`iBM\ h?2 BKTQ`iM+2 Q7 i2KT2`im`2 `2HiBp2 iQ T`2+BTBiiBQMX
1MpB`QMX _2bX G2iiX- j- yj9yydX
(33) GQ#2HH- .X "X- >KK2`- :X- J+G2M- :X- J2bbBM- *X- _Q#2`ib- JX-  a+?H2MF2`-
qX UkyRjVX h?2 +`BiB+H `QH2 Q7 2ti`2K2 ?2i 7Q` KBx2 T`Q/m+iBQM BM i?2 lMBi2/
aii2bX Lim`2 *HBKX *?M;2- j- 9NdĜ8yRX
(3N) GQ#2HH- .X "X- P`iBx@JQMbi2`BQ- CX AX- aB#H2v- X JX-  aQ?m- oX aX UkyRj#VX
ai2HHBi2 /2i2+iBQM Q7 2`HB2` r?2i bQrBM; BM AM/B M/ BKTHB+iBQMb 7Q` vB2H/
i`2M/bX ;`B+mHim`H avbi2Kb- RR8UyV- RjdĜR9jX
(Ny) J//QMMB- :X- Pi2;mB- JX-  "QM?QKK2- _X URNN3VX :`BM vB2H/ +QKTQM2Mib BM
KBx2 AAX TQbibBHFBM; ;`Qri? M/ F2`M2H r2B;?iX 6B2H/ *`QTb _2b2`+?- 8e- k8dĜke9X
(NR) JMM- *X *X Ukyy8VX R9NRX L2r uQ`F, _M/QK >Qmb2X
(Nk) J`+Qii- aX- a?FmM- CX- *H`F- SX-  JBt- X UkyRjVX  `2+QMbi`m+iBQM Q7 `2;BQMH
M/ ;HQ#H i2KT2`im`2 7Q` i?2 Tbi RR-jyy v2`bX a+B2M+2- jjN- RRN3ĜRkyRX
(Nj) J+Jbi2`- :X aX- 1/KmM/b- .X- qBH?2HK- qX- LB2Hb2M- .X- S`b/- SX-  b@
+Qm;? AA- CX UkyRRVX S?2MQHQ;vKKb,  T`Q;`K iQ bBKmHi2 T?2MQHQ;B+H `2bTQMb2b
iQ ri2` bi`2bbX *QKTmi2`b M/ 1H2+i`QMB+b BM ;`B+mHim`2- dd- RR3ĜRk8X
(N9) J+Jbi2`- :X aX  qBH?2HK- qX URNNdVX :`QrBM; /2;`22@/vb, QM2 2[miBQM- irQ
BMi2`T`2iiBQMbX ;`B+mHim`H M/ 6Q`2bi J2i2Q`QHQ;v- 3d- kNRĜjyyX
(N8) J+qBHHBK- CX  LvHQ`- X URNedVX h2KT2`im`2 M/ THMi /TiiBQMX AX BM@
i2`+iBQM Q7 i2KT2`im`2 M/ HB;?i BM i?2 bvMi?2bBb Q7 +?HQ`QT?vHH BM +Q`MX SHMi
S?vbBQHX- 9k- RdRRĜRdR8X
(Ne) J2`Mb- GX PX- Eix- _X qX-  a+?M2B/2`- aX >X URN39VX 1ti`2K2 ?B;?@i2KT2`im`2
2p2Mib, *?M;2b BM i?2B` T`Q##BHBiB2b rBi? +?M;2b BM K2M i2KT2`im`2X CQm`MH
Q7 *HBKi2 M/ TTHB2/ J2i2Q`QHQ;v- UTTX ReyRĜReRjVX
(Nd) J22?H- :X X  h2#H/B- *X Ukyy9VX JQ`2 BMi2Mb2- KQ`2 7`2[m2Mi- M/ HQM;2`
HbiBM; ?2i rp2b BM i?2 kRbi +2Mim`vX a+B2M+2- jy8- NN9ĜNNdX
Rk3
(N3) J22?H- :XX- 2i HX UkyydVX *HBKi2 *?M;2 kyyd, h?2 S?vbB+H a+B2M+2 "bBbX
*QMi`B#miBQMb Q7 qQ`FBM; :`QmT A iQ i?2 6Qm`i? bb2bbK2Mi _2TQ`i Q7 i?2 AM@
i2`;Qp2`MK2MiH SM2H QM *HBKi2 *?M;2- +?Ti2` :HQ#H *HBKi2 S`QD2+iBQMbX
*K#`B/;2 lMBp2`bBiv S`2bbX
(NN) J22`#m`;- "X:X- 2i HX UkyyNVX .Q MQMHBM2` i2KT2`im`2 2z2+ib BM/B+i2 b2p2`2
/K;2b iQ mb +`QT vB2H/b mM/2` +HBKi2 +?M;2\ S`Q+X LiHX +/X a+BX la-
RyeU1RkyVX
(Ryy) J2MM2- JX- .m``2- AX- oQb2- _X- :H2bQM- "X-  >QmbiQM- hX UkyRkVX M Qp2`pB2r Q7
i?2 ;HQ#H ?BbiQ`B+H +HBKiQHQ;v M2irQ`F@/BHv /i#b2X CQm`MH Q7 iKQbT?2`B+
M/ P+2MB+ h2+?MQHQ;v- kN- 3NdĜNRyX
(RyR) J2MM2- JX- qBHHBKb- *XLX- CX-  oQb2- _X UkyR9VX lMBi2/ aii2b >BbiQ`B+H *HB@
KiQHQ;v L2irQ`F .BHv h2KT2`im`2- S`2+BTBiiBQM- M/ aMQr .iX h2+?MB+H
`2TQ`i- *`#QM .BQtB/2 AM7Q`KiBQM MHvbBb *2Mi2`- PF _B/;2 LiBQMH G#Q@
`iQ`v- PF _B/;2- h2MM2bb22X
(Ryk) J2Mx2H- X- pQM oQT2HBmb- CX- 1bi`2HH- LX- a+?H2BT- *X-  .Qb2- oX UkyyeVX 6`K2`bǶ
MMmH +iBpBiB2b `2 MQi i`+FBM; i?2 bT22/ Q7 +HBKi2 +?M;2X *HBKX _2bX- jk- kyRĜ
kydX
(Ryj) J2Mx2H- X- 2i HX UkyyeVX 1m`QT2M T?2MQHQ;B+H `2bTQMb2 iQ +HBKi2 +?M;2
Ki+?2b i?2 r`KBM; Tii2`MX :HQ#X *?X "BQHX- Rk- RNeNĜRNdeX
(Ry9) JBHH2`@_mb?BM;- X CX  S`BK+F- _X "X Ukyy3VX :HQ#H r`KBM; M/ ~Qr2`BM;
iBK2b BM i?Q`2mǶb +QM+Q`/,  +QKKmMBiv T2`bT2+iBp2X 1+QHQ;v- 3NUkV- jjkĜj9RX
(Ry8) JQ`Bb2ii2- CX hX- _B+?`/bQM- X .X- EMTT- X EX- 6Bb?2`- CX AX- :`?K- 1X X-
#ixQ;HQm- CX- qBHbQM- "X 1X- "`2b?2`b- .X .X- >2M2#`v- :X JX- >M2b- CX JX- 
GBM;- GX UkyyNVX h`+FBM; i?2 `?vi?K Q7 i?2 b2bQMb BM i?2 7+2 Q7 ;HQ#H +?M;2,
T?2MQHQ;B+H `2b2`+? BM i?2 kRbi +2Mim`vX 6`QMiX 1+QHX 1MpB`QMX- dU8V- k8jĜkeyX
(Rye) Jm+?Qr- _X- aBM+HB`- hX-  "2MM2ii- CX URNNyVX h2KT2`im`2 M/ bQH` `/BiBQM
2z2+ib QM TQi2MiBH KBx2 vB2H/ +`Qbb HQ+iBQMbX ;`QMX CX- 3k- jj3Ĝj9jX
(Ryd) Jm2HH2`- LX .X- "miH2`- 1X- >QH#`QQF- LX-  >mv#2`b- SX UBM T`2TXVX *`QTHM/
BMi2MbB}+iBQM +QQHb mb KB/r2bi 2ti`2K2 bmKK2` i2KT2`im`2bX
(Ry3) Jm2HH2`- LX .X- :2`#2`- CX aX- CQ?MbiQM- JX- _v- .X EX- _KMFmiiv- LX-  6QH2v-
CX X UkyRkVX *HQbBM; vB2H/ ;Tb i?`Qm;? Mmi`B2Mi M/ ri2` KM;2K2MiX Lim`2-
9NyUd9RNV- k89Ĝk8dX
(RyN) L*.* URNNjVX GQ+H *HBKiQHQ;B+H .iX 1MpB`QMK2MiH AM7Q`KiBQM amKK`v
U*@kVX h2+?MB+H `2TQ`i- LiBQMH *HBKiB+ .i *2Mi2`- LP@L*.*- b?2pBHH2-
L*X
RkN
(RRy) L2BH/- _X URN3kVX h2KT2`im`2 M/ `BM7HH BM~m2M+2b QM i?2 T?2MQHQ;v M/ vB2H/
Q7 ;`BM bQ`;?mK M/ KBx2,  +QKT`BbQM X ;`B+X J2i2Q`QHX- kd- dNĜ33X
(RRR) L2HbQM- :X*X- 2i HX UkyyNVX *HBKi2 +?M;2, AKT+i QM ;`B+mHim`2 M/ +Qbib Q7
/TiiBQMX AMiX 6QQ/ SQHB+v _2bX AMbiX- qb?BM;iQM- .*X
(RRk) LP URN33VX .i MMQmM+2K2Mi 33@J::@yk- .B;BiH _2HB27 Q7 i?2 am`7+2 Q7
i?2 1`i?X "QmH/2`- *P- LP- LiBQMH :2QT?vbB+H .i *2Mi2`X
(RRj) PǶ:Q`KM- SX X UkyRkVX a2MbBiBpBiv Q7 i`QTB+H T`2+BTBiiBQM 2ti`2K2b iQ +HBKi2
+?M;2X Lim`2 :2Qb+B2M+2- 8- eNdĜdyyX
(RR9) PǶ:Q`KM- SX X  a+?M2B/2`- hX UkyyNVX h?2 T?vbB+H #bBb 7Q` BM+`2b2b BM
T`2+BTBiiBQM 2ti`2K2b BM bBKmHiBQMb Q7 kRbi +2Mim`v +HBKi2 +?M;2X S`Q+X LiHX
+/X a+BX la- RyeUj8V- R9ddjĜR9dddX
(RR8) P`iBx@"Q#2- X UkyRRVX AKT`QpBM; ;`QMQKB+ bi`m+im`2 BM 2+QMQK2i`B+ KQ/2Hb
Q7 +HBKi2 +?M;2 BKT+ibX S`2b2Mi2/ i i?2 ;`B+mHim`H M/ TTHB2/ 1+QMQKB+b
bbQ+BiBQMǶb kyRR 1 M/ L_1 CQBMi MMmH J22iBM;X
(RRe) P`iBx@"Q#2- X  Cmbi- _X UkyRkVX JQ/2HBM; i?2 bi`m+im`2 Q7 /TiiBQM BM +HBKi2
+?M;2 BKT+i bb2bbK2MiX K2`X CX ;`X 1+QMX- N8UkV- k99Ĝk8RX
(RRd) SM- wX- ``Bii- _X qX- hFH2- 1X aX- :miFQrbFB- qX CX CX- M/2`bQM- *X CX- 
a2;H- JX Ukyy9VX Hi2`2/ ?v/`QHQ;B+ 722/#+F BM  r`KBM; +HBKi2 BMi`Q/m+2b 
ǳr`KBM; ?QH/ǴX :2QT?vbX _2bX G2iiX- jR- GRdRyN- /QB,RyXRykNfkyy9:Gyky8k3X
(RR3) S`K2bM- *X  uQ?2- :X UkyyjVX  ;HQ#H +Q?2`2Mi }M;2`T`BMi Q7 +HBKi2 +?M;2
BKT+ib +`Qbb Mim`H bvbi2KbX Lim`2- 9kR- jdĜ9kX
(RRN) S``v- JX- .mBMF2`- SX- JQ`BbQM- CX- SQ`i2`- CX- CX_2BHHv-  q`B;?i- GX URNNyVX *HB@
Ki2 *?M;2, h?2 AS** AKT+ib bb2bbK2Mi- +?Ti2` ;`B+mHim`2 M/ 7Q`2bi`vX
mbi`HBM :Qp2`MK2Mi Sm#HBb?BM; a2`pB+2X
(Rky) S2H2D2`Q- *X- :`BKHi- CX- >2BHB;- aX- EB2Mbi- JX-  qM;- GX URNNNVX >B;? _2bQ@
HmiBQM lE jd i2KT2`im`2 `2+QMbi`m+iBQMb BM i?2 aQmi? *?BM a2 Qp2` i?2 Tbi
kky Fv`X SH2Q+2MQ;`T?v- R9UkV- kk9ĜkjR- /QB,RyXRykNfRNN3SNyyyR8X
(RkR) SQ`i2`- CX _X- sB2- GX- *?HHBMQ`- X- *Q+?`M2- EX- >Qr/2M- JX- A[#H- JX- GQ#2HH-
.X-  h`pbbQ- JX UkyR9VX oQHmK2 R, :HQ#H M/ a2+iQ`H bT2+ibX *QMi`B#miBQM
Q7 qQ`FBM; :`QmT AA iQ i?2 6B7i? bb2bbK2Mi _2TQ`i Q7 i?2 AMi2`;Qp2`MK2MiH
SM2H QM *HBKi2 *?M;2- +?Ti2` 6QQ/ a2+m`Biv M/ 6QQ/ S`Q/m+iBQM avbi2KbX
*HBKi2 *?M;2 kyR9, AKT+ib- /TiiBQM M/ omHM2`#BHBivX *K#`B/;2 lMB@
p2`bBiv S`2bb, *K#`B/;2- lMBi2/ EBM;/QK M/ L2r uQ`F- Lu- laX
Rjy
(Rkk) SQ`iKMM- _X qX- aQHQKQM- aX-  >2;2`H- :X *X UkyyNVX aTiBH M/ b2bQMH
Tii2`Mb BM +HBKi2 +?M;2- i2KT2`im`2b- M/ T`2+BTBiiBQM +`Qbb i?2 lMBi2/
aii2bX S`Q+X LiHX +/X a+BX la- RyeUR3V- djk9ĜdjkNX
(Rkj) ZmB+F aiib kXy UkyR9VX lMBi2/ bii2b /2T`iK2Mi Q7 ;`B+mHim`2fMiBQMH ;`B+mH@
im`2 biiBbiB+b b2`pB+2X
(Rk9) _KMFmiiv- LX- 1pM- X- JQM7`2/- *X-  6QH2v- CX X Ukyy3VX 6`KBM; i?2
THM2i, RX :2Q;`T?B+ /Bbi`B#miBQM Q7 ;HQ#H ;`B+mHim`H HM/b BM i?2 v2` kyyyX
:HQ#H "BQ;2Q+?2KX *v+H2b- kkU:"RyyyjV- /QB,RyXRykNfkyyd:"yykN8kX
(Rk8) _KMFmiiv- LX- 6QH2v- CX- LQ`KM- CX-  J+ar22M2v- EX UkyykVX h?2 ;HQ#H
/Bbi`B#miBQM Q7 +mHiBp#H2 HM/, +m``2Mi Tii2`Mb M/ b2MbBiBpBiv iQ TQbbB#H2 +HBKi2
+?M;2X :HQ#H 1+QHX "BQ;2Q;`- RR- jddĜjNkX
(Rke) _iiHBMQ 1/`2B`- CX  Pi2;mB- JX UkyRkVX >2i bi`2bb BM i2KT2`i2 M/ i`QT@
B+H KBx2 ?v#`B/b,  MQp2H TT`Q+? 7Q` bb2bbBM; bQm`+2b Q7 F2`M2H HQbb BM }2H/
+QM/BiBQMbX 6B2H/ *`QTb _2b2`+?- R9k- 83ĜedX
(Rkd) _iiHBMQ 1/`2B`- CX  Pi2;mB- JX UkyRk#VX >2i bi`2bb BM i2KT2`i2 M/ i`QTB+H
KBx2 ?v#`B/b, .Bz2`2M+2b BM +`QT ;`Qri? #BQKbb T`iBiBQMBM; M/ `2b2`p2b mb2X
6B2H/ *`QTb _2b2`+?- Rjy- NdĜN3X
(Rk3) _2x2B- 1X- aB2#2`i- aX-  1r2`i- 6X UkyR8VX AMi2MbBiv Q7 ?2i bi`2bb BM rBMi2`
r?2i@T?2MQHQ;v +QKT2Mbi2b 7Q` i?2 /p2`b2 2z2+i Q7 ;HQ#H r`KBM;X 1MpB`QMX
_2bX G2iiX- RyU/QB,RyXRy33fRd93@NjkefRyfkfyk9yRkVX
(RkN) _B+?`/bQM- EX 2i HX UkyyNVX avMi?2bBb _2TQ`i 7`QK *HBKi2 *?M;2, :HQ#H
_BbFb- *?HH2M;2b- M/ .2+BbBQMbX h2+?MB+H `2TQ`i- lMBp2`bBiv Q7 *QT2M?;2M-
*QT2M?;2M- .2MK`FX
(Rjy) _BbiB+- wX- qBHHBKb- :X- uM;- :X- J`iBM- "X-  6mHH2`iQM- aX URNNeVX .2?v/`@
iBQM- .K;2 iQ *2HHmH` J2K#`M2b- M/ >2i@a?Q+F S`Qi2BMb BM JBx2 >v#`B/b
7`QK .Bz2`2Mi *HBKi2bX CX SHMi S?vbBQH- R9N- 9k9Ĝ9jkX
(RjR) _Q#2`ib- JX  a+?H2MF2`- qX UkyRRVX h?2 1+QMQKB+b Q7 *HBKi2 *?M;2- /T@
iiBQMb Sbi M/ S`2b2Mi- +?Ti2` h?2 1pQHmiBQM Q7 >2i hQH2`M+2 Q7 *Q`M, AK@
THB+iBQMb 7Q` *HBKi2 *?M;2X lMBp2`bBiv Q7 *?B+;Q S`2bbX
(Rjk) _Qb2Mxr2B;- *X- 1HHBQii- CX- .2`vM;- .X- JɃHH2`- *X- `M2i?- X- "QQi2- E2MM2i?-
CX- 6QH#2`i?- *X- :HQii2`- JX- E?#`Qp- LX- L2mKMM- EX- SBQMi2F- 6X- Sm;?-
h?QKb- X- a+?KB/- 1X- ai2?72bi- 1X- uM;- >X-  CQM2b- CK2b- qX UkyRjVX b@
b2bbBM; ;`B+mHim`H `BbFb Q7 +HBKi2 +?M;2 BM i?2 kRbi +2Mim`v BM  ;HQ#H ;`B//2/
+`QT KQ/2H BMi2`+QKT`BbQMX S`Q+X LiHX +/X a+BX la- RRRUNV- jke3ĜjkdjX
RjR
(Rjj) _Qb2Mxr2B;- *X  S``v- JX URNN9VX SQi2MiBH BKT+i Q7 +HBKi2 +?M;2 QM rQ`H/
7QQ/ bmTTHvX Lim`2- jed- RjjĜRj3X
(Rj9) _QrH2v@*QMrv- SX Ukyy9VX >Qr i?2 q2bi rb HQbi,  `2+QMbB/2`iBQM Q7 ;`B+mHim`H
Q`B;BMb BM "`BiBM- A`2HM/- M/ bQmi?2`M a+M/BMpBX *m``2Mi Mi?`QTQHQ;v- 98-
3jĜRRjX
(Rj8) _mM2- X *X- JDQ`- .X *X- um- qX >X- HK- JX- >mbbBM- aX :X- E?M- X aX-
>bbM- X- >QbbBM- "X JX hX X- :QH/#2`;- _X- >Q`iQM- _X JX-  _Qb2Mxr2B;-
*X UkyRjVX JmHiB@7+iQ` BKT+i MHvbBb Q7 ;`B+mHim`H T`Q/m+iBQM BM "M;H/2b?
rBi? +HBKi2 +?M;2X :HQ#H 1MpB`QMK2MiH *?M;2- kjURV- jj3Ĝj8yX
(Rje) a+Fb- qX CX  Em+?`BF- *X CX UkyRRVX *`QT KM;2K2Mi M/ T?2MQHQ;v i`2M/b
BM i?2 lXaX *Q`M "2Hi, AKT+ib QM vB2H/b- 2pTQi`MbTB`iBQM M/ 2M2`;v #HM+2X
;`B+mHim`H M/ 6Q`2bi J2i2Q`QHQ;v- R8R- 33kĜ3N9X
(Rjd) a;2- _X  Em#B2M- .X UkyydVX h?2 i2KT2`im`2 `2bTQMb2 Q7 *3 M/ *4 T?QiQbvM@
i?2bBbX SHMi- *2HH M/ 1MpX- jy- Ry3eĜRRyeX
(Rj3) aM+?2x- "X- _bKmbb2M- X-  SQ`i2`- CX UkyR9VX h2KT2`im`2 M/ i?2 ;`Qri?
M/ /2p2HQTK2Mi Q7 KBx2 M/ `B+2,  `2pB2rX :HQ#X *?X "BQHX- ssX
(RjN) a+?H2MF2`- qX  _Q#2`ib- JX UkyyeVX LQMHBM2` 2z2+ib Q7 r2i?2` QM +Q`M vB2H/bX
_2pX ;X 1+QMX- k3- jNRĜjN3X
(R9y) a+?H2MF2`- qX  _Q#2`ib- JX UkyyNVX LQMHBM2` i2KT2`im`2 2z2+ib BM/B+i2
b2p2`2 /K;2 iQ lXaX +`QT vB2H/b mM/2` +HBKi2 +?M;2X S`Q+X LiHX +/X a+BX
la- Rye- R88N9ĜR88N3X
(R9R) a+?H2MF2`- qX  _Q#2`ib- JX UkyyN#VX _2THv iQ J22`#m`; 2i HX, :`QrBM; `2b BM
"`xBH M/ i?2 lMBi2/ aii2b rBi? bBKBH` 2tTQbm`2 iQ 2ti`2K2 ?2i ?p2 bBKBH`
vB2H/bX S`Q+X LiHX +/X a+BX la- Rye- 1RkRX
(R9k) a+?H2MF2`- qX- _Q#2`ib- JX-  GQ#2HH- .X UkyRjVX la KBx2 /Ti#BHBivX Lim`2
*HBKX *?M;2- j- eNyĜeNRX
(R9j) a+?r`ix- JX .X- ?b- _X-  b- X UkyyeVX PMb2i Q7 bT`BM; bi`iBM; 2`HB2`
+`Qbb i?2 MQ`i?2`M ?2KBbT?2`2X :HQ#X *?X "BQHX- Rk- j9jĜj8RX
(R99) a2K2MQp- JX X  a?2r`v- SX _X UkyRRVX JQ/2HBM; T`2/B+ib i?i ?2i bi`2bb- MQi
/`Qm;?i- rBHH BM+`2b2 pmHM2`#BHBiv Q7 r?2i BM 2m`QT2X Lim`2 a+B2MiB}+ _2TQ`ib-
UTTX .PA, RyXRyj3fb`2TyyyeeVX
(R98) aB2#2`i- aX- "m`F2- CX- 6m`2b- CX- 6`2MF2M- EX- >QQ;2p22M- CX- .ƺHH- SX-  SQ`i@
KMM- 6X UkyRyVX :`QmM/ri2` mb2 7Q` B``B;iBQM @  ;HQ#H BMp2MiQ`vX >v/`QHX
1`i? avbiX a+BX- R9- R3ejĜR33yX
Rjk
(R9e) aBM+HB`- hX UkyRRVX *?HH2M;2b BM #`22/BM; 7Q` vB2H/ BM+`2b2 7Q` /`Qm;?iX h`2M/b
SHMi a+BX- Re- k3NĜkNjX
(R9d) aBM;H2i`v- :X- "MBb/`- _X-  E22HBM;- SX URNN9VX >2i bi`2bb /m`BM; ;`BM }HHBM;
BM KBx2, 1z2+ib QM +`#Q?v/`i2 biQ`;2 M/ K2i#QHBbKX mbiX CX SHMi S?vbBQHX-
kR- 3kNĜ39RX
(R93) aKBH- oX UkyyRVX 1M`B+?BM; i?2 1`i?X *K#`B/;2- Jbb+?mb2iib, JAh S`2bbX
(R9N) aKBi?- qX URNR9VX h?2 1z2+i Q7 q2i?2` mTQM i?2 uB2H/ Q7 *Q`MX JQMi?Hv
q2i?2` _2pB2r- 9k- d3ĜN9X
(R8y) ai2BMF2- aX- EB2Mbi- JX- :`Q2M2p2H/- CX- GBM- GX@*X- *?2M- JX@hX-  _2M/H2@
"Ƀ?`BM;- _X Ukyy3VX S`Qtv /2T2M/2M+2 Q7 i?2 i2KTQ`H Tii2`M Q7 /2;H+BH r`K@
BM; BM i?2 i`QTB+H aQmi? *?BM a2, iQr`/ `2bQHpBM; b2bQMHBivX Zmi2`M`v
a+B2M+2 _2pB2rb- kd- e33ĜdyyX
(R8R) aiBM2- X- >mv#2`b- SX-  6mM;- AX UkyyNVX *?M;2b BM i?2 T?b2 Q7 i?2 MMmH
+v+H2 Q7 bm`7+2 i2KT2`im`2bX Lim`2- 98d- 9j8Ĝ99yX
(R8k) aiQii- GX- hBKK2`KM- X-  h?mM2HH- _X UkyydVX aQmi?2`M ?2KBbT?2`2 M/ /22T@
b2 r`KBM; H2/ /2;H+BH iKQbT?2`B+ *Pk `Bb2 M/ i`QTB+H r`KBM;X a+B2M+2-
jR3- 9j8Ĝ9j3X
(R8j) amM- uX- PTTQ- .X- sBM;- _X- GBm- qX-  :Q- aX Ukyy8VX Gbi /2;H+BiBQM BM
i?2 PFBMr h`Qm;?, am#i`QTB+H MQ`i?r2bi S+B}+ HBMF iQ LQ`i?2`M >2KBbT?2`2
M/ i`QTB+H +HBKi2X SH2Q+2MQ;`T?v- ky- S9yy8- /QB,RyXRykNfkyy9SyyRyeRX
(R89) h+F- CX- aBM;?- _X EX- LHH2v- GriQM- GX- oB`FiKi?- "X *X- E`Bb?MKm`iv-
aX GX- GvKM- LX-  C;/Bb?- E`Bb?M- aX UkyR8VX >B;? pTQ` T`2bbm`2 /2}+Bi
/`Bp2b bHi@bi`2bb@BM/m+2/ `B+2 vB2H/ HQbb2b BM AM/BX :HQ#H *?M;2 "BQHQ;v- UTTX
/QB, RyXRRRRf;+#XRk3yjVX
(R88) hB- X SX- oH J`iBM- JX-  >2H/- *X GX UkyR9VX h?`2i iQ 7mim`2 ;HQ#H 7QQ/
b2+m`Biv 7`QK +HBKi2 +?M;2 M/ QxQM2 B` TQHHmiBQMX Lim`2 *HBKX *?M;2- 9-
3RdĜ3kRX
(R8e) hBx- GX  w2B;2`- 1X UkyykVX SHMi S?vbBQHQ;vX aBMm2` bbQ+Bi2b- i?B`/ 2/BiBQM
2/BiBQMX
(R8d) h?QKTbQM- GX URNd8VX q2i?2` o`B#BHBiv- *HBKiB+ *?M;2- M/ :`BM S`Q/m+@
iBQMX a+B2M+2- R33- 8j8Ĝ89RX
(R83) hBHKM- .X- "Hx2`- *X- >BHH- CX-  "27Q`i- "X GX UkyRRVX :HQ#H 7QQ/ /2KM/ M/
i?2 bmbiBM#H2 BMi2MbB}+iBQM Q7 ;`B+mHim`2X S`Q+22/BM;b Q7 i?2 LiBQMH +/2Kv
Q7 a+B2M+2b- Ry3U8yV- kykeyĜkyke9X
Rjj
(R8N) hQHH2M`- JX  "`mmH2bK- hX URN33VX 1z2+ib Q7 h2KT2`im`2 QM _i2 M/
.m`iBQM Q7 E2`M2H .`v Jii2` ++mKmHiBQM Q7 JBx2X *MX CX SHMi a+BX- e3-
Nj8ĜN9yX
(Rey) hQHH2M`- JX  qm- CX URNNNVX uB2H/ AKT`Qp2K2Mi BM h2KT2`i2 JBx2 Bb i@
i`B#mi#H2 iQ :`2i2` ai`2bb hQH2`M+2X *`QT a+BX- jN- R8NdĜRey9X
(ReR) lKK2M?Q72`- *X- sm- >X- hrBM2- hX- :B`p2ix- 1X- J+*`i?v- >X- *??2i`B- LX- 
LB+?QHb- EX UkyR8VX >Qr *HBKi2 *?M;2 z2+ib 1ti`2K2b BM JBx2 M/ q?2i
uB2H/ BM hrQ *`QTTBM; _2;BQMbX CX *HBKi2- BM T`2bbU/QB,RyXRRd8fC*GA@.@Rj@
yyjkeXRVX
(Rek) lL UkyRjVX qQ`H/ SQTmHiBQM S`QbT2+ib, h?2 kyRk _2pBbBQMX L2r uQ`F, SQTm@
HiBQM .BpBbBQM Q7 i?2 .2T`iK2Mi Q7 1+QMQKB+ M/ aQ+BH zB`b Q7 i?2 lMBi2/
LiBQMb a2+`2i`Bi- lMBi2/ LiBQMbX
(Rej) la. UkyR8VX :`BM, qQ`H/ J`F2ib M/ h`/2- 62#`m`vX h2+?MB+H `2TQ`i-
6Q`2B;M ;`B+mHim`H a2`pB+2fla.X
(Re9) q?B/- X- :2HMB- aX- b?`7- JX-  6QQH/- JX UkyydVX >2i iQH2`M+2 BM THMib,
M Qp2`pB2rX 1MpB`QMX 1tTX "QiX- eR- RNNĜkkjX
(Re8) qHH+2- >X URNkyVX Ji?2KiB+H AM[mB`v BMiQ i?2 1z2+i Q7 q2i?2` QM *Q`M
uB2H/ BM i?2 1B;?i *Q`M "2Hi aii2bX JQMi?Hv q2i?2` _2pB2r- 93- 9jNĜ99eX
(Ree) qM;- CX URNeyVX  *`BiB[m2 Q7 i?2 >2i lMBi TT`Q+? iQ SHMi _2bTQMb2 aim/B2bX
1+QHQ;v- 9RU9V- d38ĜdNyX
(Red) qBH?2HK- 1X- JmHH2M- _X- E22HBM;- SX-  aBM;H2i`v- :X URNNNVX >2i ai`2bb /m`BM;
:`BM 6BHHBM; BM JBx2, 1z2+ib QM E2`M2H :`Qri? M/ J2i#QHBbKX *`QT a+BX- jN-
RdjjĜRd9RX
(Re3) sm- CX- >QH#Qm`M- X- Em?Mi- qX- CBM- wX-  ErKm`- >X Ukyy3VX *?M;2b BM
i?2 i?2`KQ+HBM2 bi`m+im`2 Q7 i?2 AM/QM2bBM Qmi~Qr /m`BM; h2`KBMiBQMb A M/ AAX
1`i? M/ SHM2i`v a+B2M+2 G2ii2`b- kdjURĜkV- R8kĜRekX
(ReN) uM- qX  >mMi- GX X URNNNVX M 1[miBQM 7Q` JQ/2HHBM; i?2 h2KT2`im`2
_2bTQMb2 Q7 SHMib mbBM; QMHv i?2 *`/BMH h2KT2`im`2bX MMX "Qi- 39- eydĜ
eR9X
(Rdy) uQ`F- .X- 1p2Mb2M- LX JX- J`iőM2x- JX GX-  .2H;/Q- CX .X "X Ukyy9VX lMB}2/
2[miBQMb 7Q` i?2 bHQT2- BMi2`+2Ti- M/ biM/`/ 2``Q`b Q7 i?2 #2bi bi`B;?i HBM2X
KX CX S?vbX- dkUjV- jedĜjd8X
Rj9
(RdR) wBi+?BF- "X 6X- J+H/v- X EX- "QMM2m- GX _X-  aKBi?- _X "X UkyyeVX 1m`QT2Ƕb
kyyj ?2i rp2,  bi2HHBi2 pB2r Q7 BKT+ib M/ HM/@iKQbT?2`2 722/#+FbX AMiX
CX *HBKiQHX- ke- d9jĜdeNX
Rj8
h?Bb i?2bBb rb ivT2b2i mbBM;Gh1s- Q`B;BMHHv /2p2HQT2/ #vG2bHB2 GKTQ`i M/ #b2/ QM .QMH/
EMmi?Ƕb h1sX h?2 };m`2 #Qp2 +M
#2 7QmM/ QM i?2 qBFBK2/B +QKKQMb
i +QKKQMbXrBFBK2/BXQ`;frBFBfJBx2@
THMiX  i2KTHi2 i?i +M #2 mb2/ iQ
7Q`Ki  S?. i?2bBb rBi? i?Bb HQQF M/
722H ?b #22M `2H2b2/ mM/2` i?2 T2`KBb@
bBp2 KBi UtRRV HB+2Mb2- M/ +M #2 7QmM/
QMHBM2 i ;Bi?m#X+QKfbm+?Qrf.Bbb2`ii2
Q` 7`QK Bib mi?Q`- CQ`/M am+?Qr- i
bm+?Qr!TQbiX?`p`/X2/mX
Rje
